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   A logical progression from the maturing field of colloidal semiconductor quantum dots 
to the emerging subclass of impurity-doped colloidal semiconductor nanoparticles is 
underway.  To this end, the present work describes the formation and analysis of a new 
form of Tin-doped Indium Oxide (ITO).   The form is that of a colloidal dispersion 
comprised of pure-phase, 4-6 nanometer ITO particles possessing an essentially single 
crystalline character.  This system forms a non-agglomerated, optically clear solution in a 
variety of non-polar solvents and can remain in this state, at room temperature, for 
months and potentially, years.  ITO is the most widely used member of the exotic 
materials family known as Transparent Conductive Oxides (TCOs) and is the primary 
enabling material behind a wide variety of opto-electronic device technologies.   
   Material synthesis was achieved by initiating a series of interrelated nucleophilic 
substitution reactions that provided sufficient intensity to promote doping efficiencies 
greater than 90% for a wide range of tin concentrations.  The optical clarity of this 
colloidal system allowed the intrinsic properties of single crystalline ITO particles to be 
evaluated prior to their use in thin-films or composite structures.  Monitoring the 
temporal progression of n-type degeneracy by its effects on the optical properties of 
colloidal dispersions shed light on the fundamental issues of particle formation, band 
filling (Burstein-Moss) dynamics, and the very origin of n-type degeneracy in ITO.  
Central to these studies was the issue of excess electron character.  The two limiting cases 
of entirely free and entirely confined electron motion were evaluated by application of 
bulk-like band dispersion analysis and the effective mass approximation, respectively.  
 xvi 
This provided a means to estimate the number of excess conduction band electrons 
present within an individual particle boundary.  The ability to control and optimize the 
level of n-type degeneracy within the colloidal ITO nanoparticle form by compositional 
variation was also demonstrated.  A key to the widespread adoption of a new material by 
industry is an ability to produce multi-gram and perhaps, kilogram quantities with no 
significant sacrifice in quality.  Accordingly, a modified synthesis process was developed 






   Colloidal nanoparticle forms of inorganic materials have been a driving force in 
nanotechnology dating back to Michael Faraday’s study of colloidal gold in 1847.7  In 
fact, his observation of a size-property relationship in the system has been characterized 
as the birth of nanoscience.8  This material has since been utilized in the treatment of 
Rheumatoid arthritis9, 10, Altheimer’s disease11, and as a means to thermally ablate 
targeted cancer cells.12, 13  These materials have also attracted attention from the 
microelectronics community as gold and silver nanoparticles are now used as conductive 
materials for inkjet printing of fine-line circuits on a variety of substrates.14, 15   
   Research and development of colloidal semiconductor nanoparticles (CSNs) has also 
experienced tremendous growth in the last 25 years.  Much of this can be attributed to the 
pioneering work of Brus and Efros on CdS in the early 1980’s.16-19  Formation of this 
material as monodisperse colloidal solutions in the 3-10nm particle size range led to the 
development of quantum confinement models that can account for the size-dependent 
optical properties of many semiconductors.  Colloidal nanoparticle forms of II-VI (CdS, 
CdSe, CdTe, ZnS, ZnSe, PbS, PbSe)20-26 and III-V (InP, InAs, GaP)27-29 systems are now 
utilized in a variety of fields from biomedical research to electro-optical devices.   
   An emerging subclass within this field of research is that of the impurity-doped 
colloidal semiconductor nanoparticles (doped-CSNs).  Substitutional doping of a bulk 
semiconductor imparts tremendous functionality but, has historically been difficult to 
achieve in the colloidal nanoparticle form.30  The low synthesis temperatures (<300C) 
 2 
typically employed simply do not provide sufficient energy to promote homogeneous 
bulk diffusion of impurity atoms throughout the crystalline lattice.  The development of 
effective synthesis routes to achieve high quality doping in these nano-structures has 
become a focus of many research groups and is a major component of the present 
dissertation work.  Xiaogang Peng’s group has been very successful in the development 
of synthesis routes to emissive materials such as Cu-doped and Mn-doped zinc 
selenide.31-35  Their specific use of a colloidal epitaxy approach ensures that essentially 
all particles in solution contain deeply positioned dopants, far from non-radiative surface 
trap states.  This enables both systems to operate efficiently at temperatures well above 
250 ˚C; a performance unmatched by undoped CSNs and many bulk powder phosphors 
as well.  Daniel Gamelin’s group has similarly made important contributions to the 
growing field of spintronics through their focus on colloidal nanoparticle forms of diluted 
magnetic semiconductors (DMSs).  Synthesis of ZnO incorporating a variety of dopants 
(Ni, Co, Mn) has led to the observation and quantitative study of giant Zeeman effects 
and high-temperature Ferromagnetism.36, 37  The production of high quality doped 
semiconductors in the colloidal nanoparticle form can lead to advances in technology and 
a deeper understanding of the fundamental size-dependent physics associated with these 
material systems. 
   The aim of this dissertation work has been to develop and characterize a colloidal 
nanoparticle form of an important doped semiconductor material, Indium Tin Oxide 
(ITO).  This was motivated by a desire to expand the field of doped-CSNs into the 
materials class commonly referred to as Transparent Conductive Oxides (TCOs).  As the 
name implies, TCO’s combine the seemingly contradictory properties of visible 
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wavelength transparency with metal-like, free electron conductivity.38  Conductivity in a 
transparent solid is achieved by the degenerate doping of a wide band gap (>3eV) 
semiconductor.  The metal oxides of Cd, In, Zn, Sn, Ga, and their various alloys have 
proven reliable systems for this purpose.1  Of all the TCOs reported since the first thin 
film example in 1907,39 ITO is by far the most successful.  Thin film versions of this 
material have been used as anti-static and defrosting coatings for aircraft, reflective 
coatings for architectural glass, and transparent electrodes for both solar cells and flat 
panel displays.40-43  In fact, it is estimated that over 50% of the Indium metal mined each 
year, finds its way into display devices.42, 44   
   Successful inkjet printing of conductive metal nanoparticles has driven the search for 
solution-dispersible forms of TCO nanoparticles as well.45  ITO nanoparticle synthesis 
has previously been achieved by a variety of techniques (co-precipitation46, 47, 
solvothermal48, micro-wave assisted45, etc…).  However, varying degrees of 
agglomeration were observed in each case and particle morphology (size and size-
distribution) was often difficult to control.  Homogeneous dispersion in solution, high 
crystallinity, and size less than 10nm diameter are key characteristics for suitable ITO 
inks.45  The synthesis process developed in this dissertation work produces an ITO 
system that displays these specific properties and is among the most advanced yet 
reported.  The colloidal system is composed of <10nm diameter ITO particles which 
display an essentially, single-crystalline character.  They are dispersible in a variety of 
non-polar solvents and show no signs of agglomeration even after one year in solution at 
room temperature.  The majority of what is known about the ITO material system has 
been gathered from polycrystalline thin films deposited by various sputter-coating 
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procedures.  Among samples made with the same ITO sputter target composition, an 
extremely wide variation in electro-optical properties of the resultant films are 
observed.49, 50  Sputter procedure and associated process parameters (pO2, temperature, 
deposition rate, etc…) often appear to have a greater influence on film quality than the 
specific sputter target used for deposition.  The ITO nanoparticle system developed in the 
present work forms a stable, optically transparent, colloidal solution of single crystals 
from the very instant of reaction initiation.  This has provided the unique opportunity to 
investigate intrinsic property evolution and fundamental physics of the particles prior to 
their application as a thin film or composite filler.   The ability to analyze and optimize 
the intrinsic properties of a colloidal ITO source material prior to its industrial use may 
be of great benefit.  A key to the widespread adoption of a new material by industry is an 
ability to produce multi-gram and perhaps, kilogram quantities with no sacrifice in 
quality.  The process must be rapid, cost-effective, and impart a minimum of 
environmental impact.  Therefore, an additional process was developed to rapidly 
produce multi-gram quantities of high-quality colloidal ITO with an acceptable 
broadening of particle size distribution. 
   Essential background required for an understanding of experimental results is presented 
in chapter two where the fundamental physics of transparent conductive oxides, with 
specific emphasis on ITO, are discussed.  Additionally, the potential influence of 
quantum confinement effects due to the small particle size produced in this work is 
described.  Analysis equipment and procedures utilized are found in chapter three.  
Details regarding development and implementation of the method utilized for ITO 
synthesis are presented in chapter four.  As the process was a modification of work done 
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on undoped colloidal indium oxide, this data is briefly discussed as well.  In order to 
verify the production of ITO, basic properties of the system were determined by 
composition, phase, morphology, and optical analysis.  Chapter five presents 
investigations into the generation and control of degeneracy in colloidal ITO.  This work 
provides information on particle formation, conduction band filling, and the very origin 
of free-electrons in the material.  Basic relationships between composition, structure, 
morphology, and functional properties are established as well.  Chapter six describes the 
procedure to produce large quantities of high-quality colloidal ITO discussed earlier.  
This is important for the potential use of any doped colloidal semiconductor nanoparticle 
system on an industrial scale.  A summary of experimental results and discussion of 


















   The principle aims of this dissertation have been to develop a colloidal ITO 
nanoparticle system, investigate intrinsic properties of the single crystals of which it is 
composed, and then establish some fundamental composition-structure-property 
relationships.  While structural investigations involved a variety of techniques, property 
evaluation relied primarily on the optical analysis of colloidal dispersions.  This approach 
was taken in an attempt to evaluate the intrinsic properties of essentially single-crystalline 
particles prior to their application as a thin film or composite filler.  This background 
section begins with a presentation of the general physics associated with transparent 
conductors and specifically, how electron degeneracy is accomplished in ITO.  Following 
this essential foundation, the discussion then moves to a detailed treatment on the 
interaction of electromagnetic radiation with the ITO lattice and how the quantum 
confinement of charge carriers may influence this process.   
 
2.2 Transparent Conductivity 
   Although partial transparency can be obtained in thin metallic films, high transparency 
with simultaneous high conductivity requires significant degeneracy within a transparent, 
wide band gap (>3eV) semiconductor.  This is typically accomplished by the controlled 
introduction of non-stoichiometry and/or appropriate dopants.50  Degeneracy is formed 
when a dopant species with higher or lower valence than that of the host lattice atoms is 
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incorporated such that the resultant charge imbalance is neutralized by an abundance of 
either electrons (n-type) or holes (p-type).  This compositional shift serves to pull the 
Fermi energy Ef towards the conduction or valence band for the case of n-type or p-type 
systems, respectively.  This is displayed by the representative band model in Figure 2.1 
for an n-type material.2  Doping results in the formation of a donor energy level just 
below the conduction band minimum and its depth Ed, is dependent upon the 
concentration of electrons and their effective mass in the material of interest.  This energy 
level is composed of impurity atom potentials along with their loosely bound charge 
compensating electrons.  The spatial influence of this potential can be estimated by 
























                                         Equation 2.1 
 
where, ∞ε is the high frequency dielectric constant of the host lattice, h is the reduced 
Planck’s constant )2/( πh , e is the electron charge, and ∗
c
m is the electron effective mass.  
The effective mass of electrons (holes) represents the apparent mass of a free electron 
(hole) as it moves throughout the lattice potential and is normally expressed in terms of 
the mass of an electron in vacuum, i.e. .1011.9 31 kg−×   There is good acceptance that ∞ε = 
8.9 0ε  and 
∗
c
m  = 0.35
e
m  in ITO and thus, the Bohr radius of a free electron in this 
material can be estimated at ~1.35nm.38, 49  
   At low doping concentration, impurity potentials and their associated electron 
wavefunctions do not interact and the material will only yield moderate conductivity at 
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room temperature where thermal ionization of donor electrons occurs.   As the 
concentration increases, states of adjacent impurities interact, split, and ultimately form a 
band of impurity potentials also shown in Figure 2.1.2  Upon further doping, the impurity 
potentials begin to overlap as displayed, which allows electrons to more easily propagate 
either by hopping conduction or through thermal emission over the potential barrier.2  
The activation energy is thus reduced by increased doping and, at a critical point, will 
become zero to allow finite conductivity at a theoretical zero degrees Kelvin.  This 
degree of conductivity is indicative of a material that has undergone a semiconductor-to-






















Figure 2.1:  Simplified band diagram of an n-type degenerate semiconductor (top) and its 
associated impurity potentials (bottom).  The distance between the electron donor level 
and conduction band minimum is characterized by the activation energy Ed in electron 
volts.2  Degenerate doping has pulled the Fermi level Ef towards the conduction band 







   The specific point at which this transition occurs can be determined by calculation of 
the Mott critical electron donor concentration (Nc).
38, 51  Substitutionally incorporated 
impurities occupying a simple cubic lattice are spaced 3/1−
D
N  apart.2  As previously 
discussed, the transition to a metallic property state occurs when their potential 
wavefunctions overlap and this will theoretically occur at a separation distance 
comparable to twice the Bohr radius ( ∗
B
a ) of their associated electrons.  Due to the 
random placement of impurities, a Poisson distribution is assumed and the critical 









                                         Equation 2.2 
 
As will be discussed shortly, the incorporated impurity concentration and actual free 
electron concentration begin to deviate when the Sn content is increased over just 1% in 
ITO.  Rearrangement of this expression yields the Mott critical free electron 




Na                                          Equation 2.3 
 
Using the previously determined Bohr radius of 1.35nm, this relation yields a critical free 
electron concentration Nc in ITO of 3181062.5 −cmx .  At this point, the donor impurity 
band will begin to merge with the conduction band, pull the Fermi level above the 
conduction band minimum, and cause the activation energy Ed to effectively become zero. 
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   Screening of impurity potentials will also reduce the activation energy Ed as a high 
free-electron concentration reduces electrostatic potentials by spatial redistribution of the 
charge carriers.2  This redistribution results in a locally higher concentration of negative 
charge and these species can effectively screen an impurity potential fluctuation.  If the 
assumption is made that a potential changes very little over the length scale of an electron 
wavelength, then electrons will experience only the potential at their own locations.2  The 












                                      Equation 2.4 
 
where, k is a wave number associated with the conduction band dispersion.  The 
expression for this parameter will be fully derived within an upcoming discussion on the 
optical properties of ITO.  Note that bound valence electrons still require energy greater 
than the semiconductor’s band gap for promotion to an available conduction band state 
and therefore, these materials remain transparent to lower energy frequencies of light.  
Any transition within the band gap of an oxide host will prevent this transparency and 
therefore, only cations with filled d-shells are utilized (3d10 Cu+, Zn2+, Ga3+ and 4d10 Ag+, 
Cd2+, In3+, Sn4+).1, 50  Highly dispersed conduction (n-type) or valence (p-type) bands are 
also desired because they lead to higher electron or hole mobilities, respectively.1 
   Existing TCOs formed by the above elements may be classified into families by their 
structures as shown in Table 2.1.1  The first has cations that are tetrahedrally coordinated 
by oxygen and is n-type in character.  ZnO is the only known oxide to possess this 
coordination exclusively.  The second has cations in octahedral coordination and is also 
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n-type in character.  This represents the largest family of TCOs with ITO as its most 
notable member.  The third has cations in linear coordination with oxygen and is p-type 
in character.  Included are CuAlO2 and the closely related Cu- and Ag-based delafossites.  
SrCu2O2 is also found within this structure group.   
 
Table 2.1:  Families of transparent conductive oxides.1 
Cation Coordination Carrier Type Examples 
Tetrahedrally-coordinated n-type ZnO 
Octahedrally-coordinated n-type CdO, In2O3, SnO2, CdIn2O4, 
Cd2SnO4 
Linear-coordination p-type CuAlO2, SrCu2O2 
 
 
   It is often observed that the free electron concentration (n) within a transparent 
conductor varies with impurity dopant concentration (ND) as displayed in Figure 2.2.  
Whereas the majority of dopant impurities at low concentration are electrically active, 
higher doping concentrations can favor the formation of dopant pairs and precipitates that 
may not be active.  The chemical bonding in these precipitates is generally different from 
that of the host and as a result, free-electron formation may be compromised.2  A very 
similar plot displaying the estimated carrier concentration of colloidal ITO nanoparticles 








     
Figure 2.2: Effects of impurity quenching in an n-type semiconductor.  Impurity pairs 
and/or higher order clusters may serve to limit free electron activity within the host lattice.  
The lower plot shows a relationship between carrier concentration and impurity dopant 





2.3 Electron Degeneracy in Indium Tin Oxide 
   The basic mechanisms of how electron degeneracy is generated in n-type transparent 
conductors, are now reasonably well understood.  The high conductivity of these 
materials is produced by the combination of intrinsic lattice anion vacancies and extrinsic 
impurity donor doping.38  Each of these defects promotes the release of free electrons to 
compensate the induced charge imbalance.  Generation of free electrons in the case of 
ITO is heavily influenced by the In2O3 host lattice structure and specifically, the ability of 
this structure to incorporate interstitial oxygen has been proposed as the predominant 
factor.1, 52-54   
   Figure 2.3 presents the bixbyite structure of undoped indium oxide.53  Each unit cell 
contains 16 units of In2O3 or 80 atoms in a defect free crystal.  The lattice constant is 
reported to be 10.117Å leading to a theoretical density of 7.12g/cm3.3  Two types of non-
equivalent indium sites are present in this structure, denoted as b-sites and d-sites in the 
figure.  For a b-site, the separation distance between indium and oxygen atoms is 2.18Å.  
Oxygen atoms are positioned at the corners of a body-centered cube with two body-
diagonally opposite corners unoccupied.  In a d-site, the separations are 2.13, 2.19, and 
2.23Å.  In this case, oxygen atoms occupy positions at the corners of a body-centered 
cube with two face-diagonally opposite corners unoccupied.  Based on this description, 
both indium sites can be viewed as incomplete body centered cubic structures with an 
indium atom located at the center and oxygen atoms at the corners.  The system is similar 
to the fluorite structure with one fourth of the anions missing.54   
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Figure 2.3:  Schematic drawing of the C-type rare-earth (bixbyite) In2O3 structure.  The 
gray spheres represent oxygen atoms while white spheres denote regular lattice oxygen 
vacancies which are inherent to the bixbyite structure.  Indium atoms are displayed as 
black spheres.53 
 
   A defect model proposed by Frank and Kostlin in the early 1980’s, asserts that these 
naturally occurring “structural oxygen vacancies” play a crucial role in the mode of free 
electron generation within an ITO lattice.52  According to the Frank and Kostlin model, 
interstitial oxygen should be present at the unoccupied corner positions due to the 
substitutional doping of Sn4+ for In3+.  Interstitial oxygen incorporation will thus, lead to 
the formation of charge-neutral ( "2
i
OSn• ) associates.  The substitutional doping of two 
Sn4+ atoms would favor the additional incorporation of a single oxygen interstitial at a 
structural oxygen vacancy site to maintain overall charge neutrality.  Under reducing 
conditions, the removal of each interstitial oxygen should release two free electrons into 











++→ ••                            Equation 2.6 
 
The absence of oxygen interstitials in undoped In2O3 and their subsequent presence in Sn 
doped versions of thin films has been experimentally proven through Rietveld analysis of 
time of flight (TOF) neutron diffraction data.54  Under oxidizing conditions, the ratio of 
tin-to-oxygen interstitial ( "4 /
i
OSn + ) was found to be ~ 2 which provided strong support 
to the validity of the ( "2
i
OSn• ) associate model.1, 54  This defect model was also used to 
explain the variation in free electron concentration for ITO thin films prepared using 
sputter targets with different tin concentrations as shown in Figure 2.4.  This trend is 












Figure 2.4:  Variation of free electron concentration with the Sn content of sputter targets 
for two different ITO thin film materials.3  The trend follows the concentration quenching 
model previously described in Figure 2.2 for a general case.  A similar relationship 
between Sn content and estimated free electron concentration will be presented for the 
colloidal ITO developed in this dissertation work. 
 
 
   Analysis of highly reduced thin films of this type revealed the presence of a significant 
amount of interstitial oxygen which was strongly dependant upon the initial Sn 
concentration used for sample synthesis.54  For a Sn doping concentration of 10%, 
approximately 50% of the oxygen interstitials appeared to be “trapped” in the otherwise 
reduced, ITO lattice.54  Frank and Kostlin had originally suggested that some of the 
oxygen interstitials were not reducible due to the tighter bond between nearest neighbor 
Sn-Oi pairs.
52  As more Sn is incorporated within an ITO lattice, the density of non-
reducible oxygen interstitials will increase as these nearest neighbor Sn-Oi pairs become 
more prevalent.  Gonzales et al. later proposed that higher-order ( "2
i
OSn• ) associate 
clusters played a more determining role in the concentration of non-reducible interstitial 
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oxygen.54  With either defect model however, it has been proposed that as more Sn• 
surrounds an oxygen interstitial, its ability to be reduced is diminished.  Additional 
experimental support for the ( "2
i
OSn• ) associate model in the colloidal nanoparticle form 
of ITO is discussed in chapter five.  
 
2.4 Analysis of Free Electron Concentration in ITO 
   Beyond the successful synthesis of colloidal ITO, a major emphasis in the present work 
has been the study of free electron generation and control within the system.  As 
mentioned in the introduction, the various methods of ITO thin film deposition have 
historically produced materials with different properties even though the same initial Sn 
content was utilized in sputter targets.49, 55  The free electron concentration in thin film 
forms is able to be directly determined from Hall conductivity measurements that make 







( τµσ ==                                          Equation 2.7 
 
where, σ is the conductivity, n is the free electron concentration, µ is the electron mobility, 
e is the electron charge, m* is the effective mass of free electrons and, τ is the free 
electron scattering time.  Table 2.2 presents the measured conductivity and free electron 
(carriers) concentration for several thin film samples made by various methods that all 
utilize ITO sputter targets with a tin content of 10%.56  The spread in data very well 
indicates that the properties of ITO thin films become more a function of the deposition 
process and associated parameters than the intrinsic properties of the source material.  For 
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this reason, the functional properties of colloidal ITO nanoparticles produced in this 
dissertation work are primarily determined by optical analysis of the dispersed colloidal 
solution.  In this way, fundamental material physics of the essentially single crystal 
source material can be determined prior to its use in any potential applications.   
 
Table 2.2: Typical electrical and optical properties of ITO (10% at. Sn) thin films.56 













r.f. Sputtering 7,000 35 6 x 1020 3 x 10-4 90 57 
r.f. Sputtering 5,000 12 12 x 1020 4 x 10-4 95 58 
r.f. Sputtering 4,000 25 3 x 1020 8 x 10-4 - 59 
Magnetron Sputtering 800 26 6 x 1020 4 x 10-4 85 60 
d.c. Sputtering 1,000 35 9 x 1020 2 x 10-4 85 61 
Reactive Evaporation 2,5000 30 5 x 1020 4 x 10-4 91 62 
r.f. Sputtering 600 26 2 x 1020 12 x 10-4 - 63 
Spray Pyrolysis 3,000 45 5 x 1020 3 x 10-4 85 64 
 
2.5 Optical Properties of ITO 
   The optical analysis methods used in this dissertation require a thorough understanding 
of the interplay between an electromagnetic field and the colloidal ITO dispersion 
through which it travels.  Due to its highly degenerate nature, this interplay involves both 
bound and free electrons within the lattice.  Free electron concentration has a significant 
and measurable effect on the interaction of light with ITO and this fact constitutes the 
basis for over 50 years of optical analysis of the material.  Figure 2.5 displays the 
transmission spectra of a typical thin film sample of ITO made by sputter deposition.  
The spectra is characterized by a transparent window in the visible (350-1000nm) and 
strongly absorbing regions in the deep UV (<300nm) and far infrared (>1400nm).   
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Figure 2.5:  Transmission spectra of a typical ITO thin film sample.65  The material is 
characterized by an optically transparent window spanning the entire visible range and 
much of the infrared.   
 
   A detailed explanation of how these spectral features are influenced by the free electron 
concentration within an ITO lattice follows.  This will begin with a discussion of the 
interaction of infrared light with free electrons and then move to a description of the UV 
band gap absorption edge for this highly degenerate case.  All subsequent discussion 
requires that light be thought of in terms of frequency ω(Hz) rather than wavelength 






=                                                Equation 2.8 
 
where, ν is the phase speed of an EM wave in a material through which it travels.   
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2.5.1 Influence of Light on Electrons 
   The frequency dependence of the electric field component of light in a vacuum can be 
derived from a standard solution to Maxwell’s equations, 
 
])(cos[ δω +−= tzkEE
o
                                 Equation 2.9 
 
where, Eo is the electric field amplitude, k is the wave vector, z is the field direction, ω is 
the electric field’s frequency, t is time, and δ is the inherent phase shift present at time t.  
As this electric field component of light interacts with a material’s electrons, a portion of 
its energy is lost through absorption.  When this loss is to bound electrons, the Lorentz 
force oscillator model is used to express the degree of electron reaction with respect to 
the frequency of light passed through the material.  The natural frequency of oscillation 
ωo for a bound electron may be modeled as a mass attached to a spring, 
 
mk so /=ω                                        Equation 2.10 
 
where, m is the electron mass and ks is the spring constant of the system.  Application of 
an electric field of the form in equation 2.9 produces a net force Fnet on the electron as, 
 
xkeEF snet −=                                      Equation 2.11 
 
where, x represents the distance which the electron is moved from its unperturbed 







                                   Equation 2.12 
 
When equations 2.10 and 2.12 are substituted into equation 2.9, an analytical expression 
for the effect of light with frequency ω on a material’s bound electrons with natural 
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=                             Equation 2.14 
 
If the interaction is with free electrons in a metal, a very similar expression is derived,   
 




=                                     Equation 2.15 
 
This relation originates from a combination of the Lorentz oscillator model and Drude 
theory which treats free electrons as a plasma of weakly interacting, negatively charged 
species.66  Unlike the bound electron case of equation 2.14, this new expression lacks any 
restoring force terms because, electrons are entirely free.  The γ term is present to account 
for frictional forces that act to dampen the movement of electrons and is equal to 1/τ.  In 
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this case, τ is a frequency-dependent relaxation time, i.e. the mean time between 
successive electron collisions.  Although individual free electrons may not experience the 
classic dipole behavior of the bound case, the entire plasma ensemble is able to be 
polarized and is expressed as, 
 
nexP −=                                              Equation 2.16 
 
where, P is the polarization and again, n is the free electron concentration.  For the case 
of degenerate semiconductors, this free electron plasma is also considered to be a 
collection of weakly interacting, negatively charged species as in classical Drude 
theory.67  The only significant difference being that an effective electron mass associated 
with the semiconductor material of interest is now required.     
 
2.5.2 Drude Theory Approach to the ITO Reflectance Edge 
   With this general foundation in place, a detailed description of the interaction of light 
with ITO in the visible to infrared range as displayed in Figure 2.5 can be presented.  The 
interaction of free electrons with an electromagnetic field influences the relative 
permittivity, ε, of the material. 
 
2)("' iKNi −=−≡ εεε                                 Equation 2.17 
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In this expression, N and K are the refractive index and extinction coefficient of the 
material, respectively.  The permittivity is also a frequency dependent function that can 














                            Equation 2.18 
 
where ∞ε , 
∗
cm , e, and n are the high frequency dielectric constant, effective electron mass, 
its charge, and the density of electrons, respectively.  The real (ε’) and imaginary (ε”) 
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With 120 10854.8
−×=ε F/m denoting the permittivity of free space, equation 2.18 can 



























iiKN            Equation 2.22 
 
Equation 2.22 is the principal controlling expression with the plasma frequency pω  
marking a transition point between spectral regions of optical transparency and free 
electron reflectivity.   
 
2.5.3 Transparent Region 
   Transparency is observed for light with high incident frequencies ( γωω ,p>  ) in the 
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K                                     Equation 2.25 
 
The behavior of the material in this frequency regime is that of a dielectric with the 
refractive index approaching 2/1∞ε as ω  increases. 
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2.5.4 Reflective Region 
   The low frequency (long wavelength) spectral region, where ),( γωω p< and 0→ω , is 
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R                       Equation 2.29 
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This indicates that the material behaves like a perfect reflector.  Figure 2.6 presents a plot 
of reflectivity versus complex refractive index which models the behavior of light with 
frequency ω as it interacts with a metal with free electron concentration n.  Again, 
elucidation of this phenomenon in the case of a degenerately doped semiconductor such 
as ITO, requires that the mass of a free electron be expressed as an effective mass ∗
c
m , 
which takes into account the interaction of a free electron with the specific semiconductor 





Figure 2.6:  Reflectivity of an undamped free electron gas as a function of incident light 
frequency ω  and electron plasma ensemble frequency pω .  This behavior in a 
transparent conductor such as ITO leads to a long wavelength reflection edge at pωω ≤  . 
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   These relations enable a quantitative explanation for the optical response of ITO to 
incident electromagnetic radiation in the visible to infrared region as displayed for the 
thin film case in Figure 2.5.  When ω is greater than ωp, the relative dielectric constant 
tends toward ε∞ and the ITO thin film behaves as an almost perfect dielectric.  However, 
when the incident light frequency ω is less than the material’s intrinsic plasma frequency 
ωp, the relative dielectric constant is large and negative thus, leading to light reflection.  
This is purely a function of the ability of a free electron plasma to oscillate with an 
incident electromagnetic field.67  When the frequency is high (ω>ωp), this free electron 
plasma is unable to oscillate with the field and light is transmitted.  However, when the 
frequency is low (ω<ωp), electron motion leads the field and light is increasingly 
absorbed in classic Lorentz oscillator fashion.   
 
2.5.5 UV Absorption Edge – Apparent Band Gap of ITO 
   As can be seen in Figure 2.5, the spectral position of the low-wavelength ultraviolet 
absorption edge near ~350nm is better defined than the position of the infrared reflection 
edge.  The precise value of this apparent band gap and its variation with free electron 
concentration is a major component of the analytical portion of this dissertation.  The 
phrase “apparent band gap” has been used here to distinguish this value from the band 
gap of a semiconductor that does not possess free electrons in any significant 
concentration.  The band gap of a degenerate semiconductor like ITO appears expanded 
relative to an undoped version of its host lattice.  The degree of this expansion is a direct 
function of the concentration of free electrons in the lattice and has been the subject of 
extensive research and controversy over the last several decades.   
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2.5.6 The Burstein-Moss Shift 
   In the case of an undoped semiconductor at a theoretical zero degrees Kelvin and 
containing no defects (intrinsic or extrinsic), all valence electrons are properly positioned 
in their respective orbits.  Thus, the valence band is completely filled and the conduction 
band is completely empty.  Photo-excitation from an electromagnetic wave with energy 
greater than the intrinsic band gap will promote electrons from the valence band to the 
lowest available energy states in the conduction band (i.e., the 1s-like level).  The 
situation becomes a bit less ideal as the temperature is raised to RT but, the concentration 
of free electrons released due to thermal vibrations is considered negligible.  Impurity-
induced creation of significant numbers of free electrons within the lattice will alter this 
ideal picture in an often dramatic fashion.  As free electrons enter the conduction band, 
the Fermi exclusion principal dictates that available energy states must be filled from 
lowest to highest (1s, 1p, 1d, etc).  This means that the energy required for a valence 
electron to enter the conduction band is rapidly increased because the only available 
states are at higher energy and the band gap thus, appears expanded.69  This behavior is 
commonly referred to as the Burstein-Moss shift and plays a dominant role in the band 
gap character of transparent conductors.70, 71  Much of the analysis described in this 
dissertation makes use of this behavior to gain an understanding of free electron 
dynamics in colloidal ITO and therefore, analytical expressions for the conduction and 
valence bands are required.  It has been determined that the band structure in ITO is 
essentially parabolic near the gamma point, which describes the position along the 
momentum axis k where conduction and valence bands are closest.49, 72   
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   Analytical expressions for the conduction and valence band dispersions may be derived 
through consideration of the kinetic energy of free electrons.  The propagation of a free 
electron with mass (m) and momentum (p = mv) in a vacuum can be described by 






1 22 ==                                    Equation 2.30 
 
Taking the wave nature into account with the de Broglie relationship (p = hk), the free 








=                                          Equation 2.31 
 
The wave vector k has components within the Cartesian coordinate system k=(kx,ky,kz) 
such that each coordinate is a point in k-space with the constant energy surfaces of free 
electrons in k-space modeled as spheres.2  These so called, Fermi spheres have a radius kF, 






kV π=                                        Equation 2.32 
 
and contains N electrons.  The Pauli exclusion principal dictates that each energy state 
within this volume can hold at most two electrons (one spin up and the other, spin down).  
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Energy states may be represented as cubes in k-space with an edge length L such that the 














                                          Equation 2.33 
 
Relating these volumes and the number of electrons within them leads to the Fermi wave 









                                             Equation 2.34 
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                             Equation 2.36 
 
In this case, the effective mass of both electrons ( ∗∗ =
c
mm ) and holes ( ∗∗ =
v
mm ) take 
account of the lattice periodicity and control the curvature of both conduction and 
valence band dispersions, respectively.  The effective mass is inversely proportional to 
the second derivative of E with respect to k, and accordingly, is also inversely 
proportional to the curvature of the dispersion relation.2  As previously discussed, free 
electrons in ITO begin to fill available conduction band states and as a result, bound 
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electrons require increasingly higher energy for promotion to this band.  The Burstein-
Moss effect will not begin until the lowest states in the conduction band become filled 
and this occurs at a critical free electron concentration nc, commonly referred to as the 










                                   Equation 2.37 
 
where, h is Planck’s constant, k is the Boltzmann constant, T is absolute temperature, and 
∗
c
m  is the effective mass of an electron at the bottom of the conduction band.  The 
dispersion character of both conduction and valence bands becomes critically important 
when estimating the expansion effects above nc because this dictates the rate at which 
available energy states are filled.  Figure 2.7 presents a typical parabolic band structure 






Figure 2.7: (a) Schematic band structure of a degenerate semiconductor (at ground state) 
typified by parabolic conduction and valence bands with band gap Ego.  (b) Extrinsic 
donor doping has caused the apparent band gap to expand due to the Burstein-Moss effect.  
(c) Many body interactions beyond the semiconductor-to-metal transition cause a 
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m  and ∗
v
m  represent the effective mass of electrons in the conduction band and 
holes in the valence band, respectively.  The reduced effective mass ∗
vc


















m                                     Equation 2.40 
 
Using the values determined by Gupta ( ec mm 35.0=
∗  and ev mm 6.0=
∗ ), ∗vcm  
is calculated as em22.0 .
49  Substitution of the Fermi wave number into equation 2.39 
leads to the free electron concentration dependent expression for the Burstein-Moss effect 













                             Equation 2.41 
 
2.5.7 Optical Effects of the Semiconductor-to-Metal Transition 
   The apparent band gap in ITO will be a combination of the intrinsic gap ogE and the 
Burstein-Moss widening BMgE∆ for a free electron concentration up to that established by 
the Mott criteria Nc, described earlier through Equation 2.3.  This critical concentration 
correlates with a merging of the degenerate donor level and the conduction band.  It is 
common practice to assume that this merging does not alter the k-dependence of the 
conduction band (i.e., rigid shift of the band with no change in the electron effective 
mass).69  As will be discussed in chapter five, this assumption of a constant effective 
electron mass is not strictly valid for highly doped TCOs43, 74-83 and may therefore, lead 
to a departure of experimentally determined band gap values from those predicted by 
classical quantum confinement theory.  The effects of free electrons on an n-type 
conduction band structure are shown graphically in Figure 2.8 for the case of both a 
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theoretically ordered donor impurity distribution and the more realistic picture of a 
random distribution.  At low doping density, states of adjacent impurities do not interact 
and their ground states are located at discrete and energetically well-defined levels.  As 
the concentration increases to medium doping, states of adjacent impurities interact, split, 
and ultimately form an impurity band.2  Due to their close proximity to the conduction 
band, these electrons are easily ionized and available for conductivity at room 
temperature.38  Upon further increase to high doping, the growing impurity band 
eventually merges with the conduction band and the Fermi energy is then located above 




Figure 2.8:  Donor impurity level and donor impurity band at low, medium and high 




2.5.8 Many-Body Interactions and Band Gap Narrowing 
   Above Nc, the optical gap expands at a different rate due to the correlated motion of 
these charge carriers.77  Coulomb interactions, mutual exchange forces, and attractive 
impurity scattering of charged electrons and holes create a downward shift of the 
conduction band and an upward shift of the valence band.  These events lead to the 
adjustment shown in Figure 2.7c.  The dependence of this band gap narrowing on free 
electron concentration has been considered for many materials.  Most calculations of the 
effect are based on a weakly interacting electron-gas model, in which the gap shrinkage is 
proportional to n1/3.84  This is simply the dependence of n seen in the Fermi wave number 
of equation 2.35 and accordingly, the band gap narrowing due to exchange interactions 













=∆                               Equation 2.42 
 
As this expression specifically neglects the effects of screening, the n1/3 law should be 
regarded as empirical.  Calculations using the random-phase approximation may be 
required for more highly accurate models of the band gap renormalization effect.73  
 
2.6 Potential Influence of Quantum Confinement 
   The total measured band gap expansion, which is the apparent band gap minus that of 




g EEE ∆−∆=∆ .  Analysis of the colloidal ITO 
nanoparticle system disclosed in this dissertation will utilize this expression for the 
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determination of free electron concentration, n.  Implicit in this analysis, is the ability to 
identify the degree to which a measured bandgap expansion has been caused by 
something other than free electrons in the lattice.  Therefore, quantum confinement is a 
factor that must be considered in the present case due to the small size of particles 
developed.  Spatial confinement of free electron motion in any dimension will eliminate 
momentum terms and alter the kinetic energy dispersion to directly affect the density of 
states as shown in Table 2.3 and graphically in Figure 2.9.2  As the position of a free 
electron becomes better defined within a small sphere, the Heisenberg uncertainty 
principal dictates that its momentum must become increasingly uncertain.85  We may 
now consider the idea that there are essentially, no “free” electrons in the colloidal ITO 
nanoparticles produced in this dissertation work and thus, no band dispersion in the 
classical free-electron-dependent momentum sense.  “Excess conduction electrons” are 
present but, their motion and kinetic energy are confined.  The Fermi wavenumber kF, 
will then become only a function of particle size and quantum number.  An understanding 










Table 2.3:  Density of states for a semiconductor with 3, 2, 1, and 0 degrees of freedom 





















Figure 2.9:  Graphical depiction for the density of states in a semiconductor with 3, 2, 1, 
and 0 degrees of freedom for the propagation of electrons in its lattice.  The colloidal ITO 
produced in the present work should be represented by the 0-D case with density of states 




2.6.1 Fundamental Quantum Confinement Theory  
   Consider the case of a single electron trapped within a box of length L, made with walls 
of infinite potential as shown in Figure 2.10 (top).  In order to obtain specific values for 
the energy of this electron, a quantum mechanical Hamiltonian operator is applied to its 
wavefunction.  This Hamiltonian contains the operations associated with both potential 












                           Equation 2.49 
 
where, U(x) is the potential energy.  The result of this treatment is the Schrodinger 
equation which can be separated into a time evolution component and a time-independent 














                    Equation 2.50 
 
where, E represents the electron energy.  Solutions to this equation will only exist at 
certain eigenvalues )(xΨ  as shown for the harmonic oscillator used to approximate the 











Figure 2.10: (top) Single free electron trapped inside an empty box of length L composed 
of walls with infinite potential such that no wave-modes exist outside.  The bottom figure 
displays wavefunction representations for the first eight bound eigenstates, n = 0 to 7 of 
this electron.86  Note that only sine waves are possible solutions within the confined 
volume.   
 42 
   The potential of the trapped electron both at x < 0 and x > L is infinity and therefore, 






























k =  
 
A general solution to this treatment is of the form, )cos()sin()( kxBkxAx +=ψ .  At 
0)0( =ψ , B=0 and at 0)( =Lψ , πnkL = .  Accordingly, the bound solution inside this 
potential box yields only sine waves with the largest wavelength being equal to L2=λ  









=λ where n = 1,2,3,4, etc…  Substitution of this expression into the DeBroglie 







.  These expressions 
may now be used to determine the energy associated with a single electron trapped inside 
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As the box dimension L is decreased, the energy of an electron trapped within is 
increased. As shown in Figure 2.11, the separation between quantum states is also 
increased and is an effect that will prove particularly important for the case of colloidal 
ITO nanoparticles produced in this work. 
 
 
Figure 2.11:  Allowed energy levels for free electrons in a bulk material and a single 
electron trapped within an increasingly smaller box as that displayed in Figure 2.10. 
 
2.6.2 Confinement in Colloidal Semiconductors – EMA Theory 
   In the case of colloidal semiconductor nanoparticles, Equation 2.53 must be modified to 
account for shape and electron-hole, Coulomb interactions.  Brus formulated an 
expression to estimate a size-dependent separation between the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels in a 
non-degenerate semiconductor.16-18  This transition is that of a valence electron to the 1s-
like energy states of the conduction band where the quantum number n, is equal to one.  

















)(                           Equation 2.54 
 
where, Eg is the band gap of a corresponding bulk material, R is the radius of a roughly 
spherical particle and ∗cvm  is the reduced effective mass of the electron-hole pair (exciton).  
Note the inclusion of a Coulomb attraction term with dependence on R-1.  In this case, the 
band gap of a semiconductor nanoparticle will change principally with a variation in 
particle radius of R-2. A typical Mott-Wannier exciton has a radius much larger than the 
lattice spacing through which it travels and can be calculated by the following 
expression; 
 














                                 Equation 2.55 
 
where h is Planck’s constant, ∞ε is the bulk optical dielectric constant, e is the electron 
charge, and ∗cm  and 
∗
vm  the effective masses of the electron and hole, respectively.  
Using the previously discussed values ( 9.8=∞ε , 035.0 mmc =
∗ , and 06.0 mmv =
∗ )49, the 
Bohr radius of a Mott-Wannier exciton within In2O3 is calculated to be ~2.13nm.  The 
effects of spatial confinement will be initially observed at particle sizes less than 
approximately twice this value (~8.5nm diameter); the onset of a weak-confinement 
regime.87  Reduced particle dimensions force the electron and hole wavefunctions to 
progressively overlap; making exciton formation increasingly difficult and this is at the 
heart of quantum confinement theory.   
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   This treatment will suffice for estimation of transitions from the valence band 
maximum to the conduction band minimum or 1s level.  However, transitions to higher 
conduction band states (1p, 1d, 2s, 1f, etc…) require that the roughly spherical nature of a 
colloidal nanoparticle be considered.  In this case, the eigenfunctions )(xψ of the time-
independent Schrodinger equation are no longer sinusoidal but, are the product of 
spherical harmonics mlϑ  and a radial spherical Bessel function )(rR ,
88 
 
)(),()( rRr ml ϕθϑψ =                                   Equation 2.56 
 
For a spherical potential well of diameter D with an infinite potential barrier, the wave 
functions must vanish at the well’s edge and the energy levels are therefore, found by 







=                                          Equation 2.57 
 




   Using equation 2.57, the variation of energy levels for an undoped In2O3 colloid with 
particle diameter were calculated and are displayed in Figure 2.12.  It is this potential 
size-effect that must be considered when estimating excess conduction electron 
concentration from a measured band gap expansion for a specific colloidal ITO sample.  
It is important to note that this quantum confinement model begins to break down at 
particle diameters less than approximately 2nm.  At this point, transitions to the 
conduction band states are increasingly located in regions where a parabolic dispersion 
estimate is no longer valid.  This is the case for a 1s-like state and may certainly be 
expected for those higher positioned (1p, 1d, 2s, 1f, etc…) as well.     
         
 
 
Figure 2.12:  Theoretical variation of the available electron energy levels with particle 
size for a colloidal In2O3 nanoparticle system.   
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   A central issue faced in this dissertation work is the question of how degenerate n-type 
doping may alter these confinement characteristics.  A variety of groups have reported 
electron injection studies within initially undoped (non-degenerate) colloidal 
semiconductor nanoparticle (quantum dot) systems.90-94  Accordingly, their results 
involved the so-called “single electron” energy levels with each electron produced having 
an associated hole present in the valence band.  It is unclear how the significant numbers 
of extrinsically produced electrons already present in an ITO system will alter the 
confined exciton binding energy.  To the best of our knowledge, extensive studies of the 
quantum confinement effect in a colloidal transparent conducting system have not yet 
been reported.  In the absence of an accepted theory of confinement in highly degenerate 
systems, free electron concentration will be calculated from the optical spectra within the 
bounds of two limiting extremes (no quantum confinement and EMA quantum 














   Experimental analysis of the colloidal ITO nanoparticle system produced in this work 
was aimed at investigating basic material physics and establishing some fundamental 
composition-structure-property relationships.  The reaction progression, elemental 
composition, internal lattice structure, and overall morphology were determined with a 
variety of techniques.  Information gained from these efforts, were correlated with 
electro-optical properties determined from both static and in-situ optical methods.   
 
3.2 Fourier Transform Infrared Spectroscopy (FT-IR) 
   FT-IR was utilized to monitor the synthesis process by analyzing the absorption 
signature of reactants and by-products at various time points.  Hot aliquots of the reaction 
solution were injected between CaF2 windows and analyzed with a Nexus 870 Infrared 
spectrometer operating with 2cm-1 resolution.  Molecular bonds vibrate in various modes 
(stretch, twist, wag) when they interact with specific frequencies of electromagnetic 
radiation.  These frequencies correspond to the ground state E0 and several excited states 
E1, E2, E3, En of a specific bond.
95  For a given transition between two states, the 





EE =− 01                                                    Equation 3.1 
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The energy corresponding to transitions between vibrational states is on the order of 1-10 
kilocalories/mole and thus, corresponds to the infrared regime.  
   Unlike grating spectrometers in which spectral data are acquired sequentially at 
individual wavelengths, FT-IR is based on a Michelson interferometer.  As the schematic 
setup in Figure 3.1 shows, a typical FT-IR spectrometer consists of a light source, 
interferometer, sample, and detector.  The Michelson interferometer configuration 
produces an interference pattern by splitting a beam of light into two paths, reflecting 
those beams back, and recombining them.  While one beam is reflected off a fixed mirror, 
the other interacts with a moving mirror that introduces a time delay allowing the 
temporal coherence of light to be measured at each specific time delay setting.  This 
effectively converts the time domain into a spatial coordinate.  By making measurements 
of the signal at many discrete positions of the moving mirror, the spectrum can be 




Figure 3.1:  Schematic setup for a FT-IR spectrometer in the Michelson interferometer 
configuration. 
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3.3 Inductively Coupled Plasma Mass Spectrometry 
   The percentage of tin doping achieved (Sn:In ratio) in each sample was determined 
using Inductively Coupled Plasma Mass Spectrometry (ICP-MS).  ICP-MS uses an 
inductively coupled plasma to produce ions which are then detected and analyzed with a 
mass spectrometer.  More sensitive than standard graphite furnace atomic absorption 
methods, ICP-MS is capable of identifying a range of metals at concentrations below one 
part in 1012 (one-trillionth).96  The system produces a high-temperature plasma 
(~10,000K) that consists primarily of argon atoms with a small fraction of free electrons 
and argon ions.  Samples to be analyzed are introduced into this plasma as a mist formed 
by their passage through a nebulizer.  As a droplet of nebulized sample enters the central 
channel of the ICP, it evaporates and any solids that were dissolved in the liquid vaporize 
and break down into constituent atoms. A significant proportion of these atoms are 
ionized within the high temperature plasma environment.  The singly charged ions are 
then extracted through a series of cones into a quadrupole mass spectrometer where they 
are separated on the basis of their mass-to-charge ratio.96  A schematic of the ICP-MS 
system utilized in this dissertation work is presented in Figure 3.2.  Dopant 
concentrations were determined through calibration with elemental standards of indium 
and tin.  Samples were weighed in teflon digestion vessels, allowed to dry, then dissolved 
in 5 mL of trace metal grade HCl.   Following microwave digestion in sealed teflon 
containers for 20 min at 400 watts and 20 min at 200 watts, the solutions were diluted 





Figure 3.2:  Schematic of an Inductively Coupled Plasma Mass Spectrometer ICP-MS. 
 
3.4 Thermogravic Analysis (TGA) 
   TGA was used to determine the minimum temperature required to remove organic 
ligands from the surface of colloidal ITO particles as well as the ratio of ligand to 
nanoparticle.  Measurements were performed with a Thermal Analysis (TA) Model XY 
TGA at a heating rate of 10˚C/min to 500 ˚C in both air and oxygen environments.   
 
3.5 X-ray Diffraction Analysis 
  Particle phase, lattice structure, and size were determined through the use of an X’Pert 
Pro Alpha-1 diffractometer equipped with a Cu Kα X-ray tube emitting at 1.54 
angstroms.  Colloidal solutions of ITO nanoparticles were dropped onto a Si(510) zero-
background sample plate for the analysis.  A 2θ step-size of 0.002 with a continuous 
scanning angular rate was employed to record diffraction peaks from 20 to 80 degrees.  
The x-ray spectra produced displays the intensities of the diffraction peaks as a function 
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of the detecting angle 2θ.   The d-spacing of these peaks may be calculated from Bragg’s 
diffraction law, λ = 2d sinθ, in the first order.97  The assignment of Miller indices to each 
reflection peak was accomplished by consultation of published data obtained from the 
International Center for Diffraction Data.  Application of the Scherrer equation to 
diffraction data for the purpose of particle size estimation is described in chapter four.     
 
3.6 Electron Microscopy 
   Particle imaging was accomplished with a JEOL 100CX II transmission electron 
microscope (TEM) operating at 100 kV.  Additional structural information on selected 
samples was also determined with a selected area electron diffraction (SAED) attachment. 
High resolution (HR-TEM) imaging was achieved with a Scanning Transmission 
Electron Microscope STEM (model HB603UX) operating at 300 kV and equipped with a 
Nion aberration corrector.  Specimens were prepared by placing a single drop of heavily 
diluted ITO in a chloroform solution onto a carbon-coated copper grid.  A LEO Low-
Voltage scanning electron microscope (SEM) was used to image the surface morphology 
of pressed pellets of ITO nanoparticles following high-temperature annealing.     
    
3.7 Four-Point Probe 
   Electrical characterization of pellet specimens was conducted using the DC four-point 
probe resistivity method. The four-point probe consists of two current carrying probes (1 
and 4), and two voltage measuring probes (2 and 3). Very little contact and spreading 
resistance are associated with the voltage probes.  Accordingly, one can obtain a fairly 
accurate measurement of the sheet resistance.98  The specific system utilized consisted of 
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a Signatone model SP4-40045TFS probe head mounted on a Signatone model S301-6 
station. Leads from the probes were connected to a Keithley 2182A nanovoltmeter and 
Keithley 6221 AC/DC current source meter.   
 
3.8 Optical Spectroscopy 
   Optical properties of the colloidal ITO solution were analyzed using a Cary 5000 
spectrophotometer operated from the UV to NIR (200 - 2000nm) spectral regions at a 
step size of 5Å.  This specific equipment is capable of dual beam operation in which 
incident light is split into two paths such that transmission data from the ITO sample and 
a pure sample of dispersing solvent can be gathered simultaneously.  ITO samples were 
dispersed in solution with variable dilution and placed in a 1cm square quartz cuvette for 
analysis at room temperature.   
   In-situ optical analysis during ITO synthesis was achieved using a high-temperature dip 
probe assembly (Figure 3.3) coupled with an Ocean Optics USB2000 spectrometer.  The 
USB2000 utilizes a linear charge coupled device (CCD) array for photon counting and is 








Figure 3.3:  High-Temperature dip probe assembly used for In-Situ transmission analysis 
during colloidal ITO nanoparticle synthesis.  A mirror is found inside the lower tip of the 
probe heads shown to the right.  This reflects incident white light back through the 
colloidal solution and into a receiving optical fiber for transference to the USB2000 
















PROCESS DEVELOPMENT AND SYSTEM PROPERTIES 
 
4.1 Introduction    
   The production of colloidal particles at sizes small enough to produce three 
dimensional electron confinement has flourished over the last two decades.  While our 
synthesis approach relied on much of this previous work, some aspects of the specific 
route taken are novel for doped metal oxides and in particular, for the ITO system.  This 
chapter begins with a discussion of nucleation and growth theory in light of the influence 
that impurity doping has on the formation of primary nuclei. The methods of producing 
these structures with an emphasis on “greener” synthetic approaches are then highlighted.  
The specific reaction pathway developed for ITO synthesis is described and analyzed by 
FT-IR.  Verification of ITO production is then accomplished through the identification of 
key physical and functional properties.   
 
4.2 Fundamental Theory of Nucleation and Growth  
   The most cited models of colloidal nanoparticle formation in solution follow the now 
classic studies of La Mer and Dinegar which dictate that the production of a 
monodisperse colloidal system requires temporally discrete events of rapid embryo 
nucleation followed by slower growth of those initial nuclei.27, 99-101  When the 
concentration of reactive precursors in a solvent solution reaches a critical level of 
supersaturation (CSS), spontaneous phase segregation occurs.
4  The dissolved precursor 
concentration is then gradually depleted to a level below that required for further 
 56 
homogeneous nucleation.  Provided the reactive precursor level remains above a critical 
saturation concentration (CS), these initial embryos will continue to grow by absorption 
of diffusing atomic matter.4  This process is displayed in Figure 4.1a.  The driving force 
for phase transition is characterized by the difference in free energy change between 
solvated and crystalline forms of the material, ∆FV.
4  For initial nuclei characterized by 
extremely large surface to volume ratios, this volumetric lattice energy is offset by a 
surface free energy, γ, which destabilizes the particle toward solvation in proportion to its 
total surface area.4  The Gibbs free energy change for the reaction is thus, described by 






4 πγπ                                  Equation 4.1 
 
   Under conditions of diffusion limited growth, the first derivative of this equation with 
respect to the nuclei radius R, can be related to the growth rate (-dR/dt).  The activation 
barrier shown in Figure 4.1b, defines the critical radius (R=R*) for nuclei stability.  
Below this value (dR/dt<0), nucleated particles will re-dissolve and above it (dR/dt>0), 
grow into larger crystals.4, 101  The critical radius is determined by taking the derivative of 















   
Figure 4.1: (a) LaMer model describing nucleation and growth of crystallites versus time 
for a constant influx of reactive precursor. A short nucleation time δ(t), ensures a narrow 
particle size distribution.  (b) Classical nucleation model showing the Gibbs free energy 
change (∆G) and growth rate (dR/dT) versus crystallite size, R.  The critical size R* marks 




4.3 Influence of Impurity Doping 
   There is growing evidence that in many cases, the nucleation process described above 
proceeds by a two-step mechanism.  Amorphous aggregates are formed in the first step, 
and the second step involves structural reorganization of these clusters into the crystalline 
form.4  The ability of these few-atom aggregates to organize into the crystalline form will 
be influenced by the presence of impurity dopant atoms that induce lattice strain.  This 
strain is manifest in Equation 4.1 as a reduction in some of the driving force for lattice 
formation, and hence a reduction in the magnitude of ∆FV.
36  As shown in Figure 4.2, 
reducing ∆FV increases the activation barrier for nucleation and accordingly, the required 
dimension of the critical radius.  Consequently, it should be considerably more difficult 
for the doped nuclei lattice to stabilize than it was for the pure host crystal lattice in the 
absence of impurities.  Within a heated solvent solution containing a mixture of host and 
impurity precursors, nucleation of doped particles may not be as kinetically favorable as 
the nucleation of pure host particles.  Accordingly, the critical nucleus which becomes a 
crystalline particle, is likely to be composed of the pure host material.4   
 
 
Figure 4.2:  Particle nucleation model showing how the Gibbs free energy change (∆G) is 
altered by the presence of impurity atoms within a critical nuclei.  Dopant incorporation 
causes lattice strain which destabilizes the nuclei thus increasing the critical radius, R*.4   
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   As the majority of a nanoparticle’s mass is not formed during nucleation, the factors 
affecting incorporation of dopants during diffusional growth from the reaction solution 
are important.  Per the previous discussion, dopant atoms are not generally competitive 
with solvated host atoms for open surface coordination sites under conditions equally 
favorable to the diffusional attachment of either species.4  As the reaction progresses 
however, the ratio of dopant-to-host precursors improves to the point that dopant 
attachment becomes competitive enough that lattice incorporation can occur.  What 
results is a concentration gradient and its characteristics are dictated by the kinetic 
competition between irreversible attachment of host versus dopant ions to the surfaces of 
growing nanoparticles.  Evidence of such a gradient has been previously observed in 
colloidal nanoparticle forms of both Co-doped ZnO and Sb-doped SnO which were made 
using reaction solutions of both host and dopant cations.36, 102  As will be shown in 
chapter five, in-situ reaction monitoring indicates that a similar structure comprised of a 
pure indium oxide core surrounded by a tin-doped indium oxide shell may have been 
formed in the present work.     
 
4.4 Preparation of Colloidal Semiconductor Nanoparticles  
   The temporal separation of nucleation and growth steps is best achieved by rapid 
injection of reactive precursors into a solvent solution which is pre-heated above the 
critical nucleation temperature.21, 103-105  Soon after a critical level of supersaturation is 
reached, the resultant nucleation event is quenched by an abrupt reduction in solution 
temperature below that required for homogeneous nucleation yet high enough for 
heterogeneous attachment kinetics.  The nucleation event time δ(t), which dictates the 
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resultant particle size-distribution, is now a function of both precursor concentration and 
solution temperature.  This method has been utilized to produce extremely narrow size 
distributions in several II-VI and III-V semiconductor nanoparticle systems.22, 23, 27, 106-109  
It is possible to initiate the formation of nanoparticles by simply heating a supersaturated 
solution of all constituents up to the critical nucleation temperature, however, this often 
results in an extended nucleation event time and wider size distribution.101, 110  Both 
approaches to the synthesis of colloidal ITO nanoparticles were explored in the present 
work.   
   Formation of a highly dispersible colloidal nanoparticle system requires the prevention 
of agglomeration and precipitation due to Van der Waals forces.  These attractive forces 
arise from to the interaction between dipoles in adjacent particles which can be either 
permanent or induced.111  Fluctuations in the electron density of particles without a 
permanent dipole can still give rise to temporary dipoles which may induce additional 
dipoles in nearby particles.  Temporary dipoles and the induced secondary dipoles are 
then attracted to each other over relatively short spatial ranges.  Brownian motion of 
particles dispersed in a solvent solution ensures close contact and thus, Van der Waals 
forces will cause agglomeration if some electrostatic or stearic hindrance is not present. 
This stearic hindrance is routinely accomplished by the attachment of organic ligands to 
individual nanoparticles as a monolayer through covalent, dative, or ionic bonds, as 
















Figure 4.3:  Local arrangement of colloidal nanoparticles covered by organic ligands.103  
These structures promote stearic hindrance against attractive Van der Waals forces which 
would otherwise tend to cause agglomeration and precipitation in solution.  
   
  The coupling of ligands to each nanoparticle surface requires that synthesis be 
performed in a precursor solution containing these organic compounds.  Synthesis of this 
type previously relied on the use of highly toxic organometallic compounds in 
combination with ligand-based coordinating solvents such as trioctylphosphine oxide 
(TOPO).106, 107  Within the last decade, “greener” approaches that utilize simple metal 
carboxylates with the non-coordinating solvent, octadecene (ODE) have been developed 
as alternatives to these procedures.108  The benefits of ODE over other solvents are its 
lower toxicity due to simple hydrocarbon chains (formula C18H36) and a relatively high 
boiling point of ~315 ˚C.  A metal carboxylate is composed of a metal cation and 
carboxylate anion.  As the conjugate base of carboxylic acid, carboxylates contain COO- 
groups and are derivatives of characteristic fatty acids (acetic acid, stearic acid, oleic acid, 
myristic acid, etc…).112  Metal acetates, metal stearates, metal oleates, and metal 
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myristates are all common metal carboxylate forms.  The key to these procedures is 
initial production of stable metal carboxylate compounds that can be reacted with anion 
precursors in a high-temperature solvent solution to initiate the nucleation event.  The 
hydrocarbon chains of these fatty-acid derivatives provide a built-in stearic hindrance 
against the attractive Van der Waals forces previously discussed.  Peng’s group was 
among the first to report successful synthesis of colloidal nanoparticle (quantum dot) 
versions of both II-VI and III-V semiconductor systems with this general materials 
class.23, 27, 113  Within the last 5-10 years, use of metal carboxylates for the successful 
synthesis of CdS, CdSe, ZnS, ZnSe, InP, and InAs in the colloidal nanoparticle form have 
been reported.22, 23, 27, 33, 35, 109, 114, 115   
 
4.5 Synthesis of Colloidal Indium Oxide Nanoparticles 
   Metal carboxylates can also be used to form metal oxide nanoparticles by the inclusion 
of an initiator species that serves to break the C-O bonds in the carbonyl groups.116-121  
The ability to produce highly crystalline, colloidal indium oxide (In2O3) nanoparticles by 
this approach was first observed by our group when attempting to form InN quantum dots.  
A complex tertiary amine precursor, tris(trimethylsilyl)amine N[Si(CH3)3]3, was injected 
into a heated ODE solvent solution of indium myristate in an attempt to liberate the 
nitrogen ion for InN formation.  Amines are organic compounds and functional groups 
that contain a basic nitrogen atom with a lone electron pair. They are derivatives of 
ammonia, wherein one or more hydrogen atoms are replaced by organic substituents such 
as alkyl or aryl groups.112  A 1:3 molar ratio of indium acetate to myristic acid was used 
to form indium myristate.  This is just the theoretical amount needed to replace the three 
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acetic acid groups with myristic acid.  A 2:1 ratio of indium acetate to amine was utilized 
in similar fashion to an indium to phosphorus ratio used in InP quantum dot synthesis by 
Battaglia and Peng.27  Rather than producing InN, our process lead to the formation of 
~20nm single crystals of colloidal In2O3 as displayed in Figure 4.4.  The electron 
diffraction pattern shown in the inset was correlated to the bixbyite crystal structure of 
pure indium oxide (ICDD Card No. 06-0416) with no evidence of separate tin oxide 






Figure 4.4:  TEM image of colloidal In2O3 formed by reaction of a complex tertiary 
amine with indium myristate precursors.  The system is highly dispersible within a 
variety of non-polar solvents.  Inset presents an electron diffraction pattern indexed to the 
bixbyite structure of pure In2O3. 
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   A similar approach to produce colloidal In2O3 nanoparticles was reported by 
Narayanaswamy and co-workers one year later in which an alcohol was injected at high 
temperature to initiate the nucleation and growth event.122  Each of these precursors 
(amine and alcohol), had initiated formation of indium oxide through the same general 
reaction, nucleophilc substitution.  As a typical metal carboxylate, indium myristate 
contains C-O bonds associated with the carbonyl group.  Oxygen is the most 
electronegative of the pair and thus, pulls electron density away from carbon to increase 
the bond's polarity.112 As a result, the carbonyl carbon becomes electrophilic and will 
readily bond with typical nucleophiles such as amines and alcohols.  A nucleophile is a 
reagent that forms a chemical bond to an electrophile by donation of both bonding 
electrons.112  In general, the lower electronegativity of nitrogen ions associated with 
amine compounds makes them more nucleophilic than alcohols.  However, tertiary 
amines such as that used in our initial indium oxide synthesis display a reduced 
nucleophilic character as compared to primary or secondary amines.  This is a result of 
steric hindrance caused by bulky R groups around the nitrogen and an inability to 
generate neutral species.123 As will be shown, a switch to primary amines for the 
synthesis of colloidal indium oxide and ITO produced for the present work resulted in 
greatly reduced nanoparticle dimensions.  While amines readily form bonds with a 
variety of materials to act as surfactants, alcohols do not.  Due to this non-binding 
characteristic of alcohols, the synthesis of individual In2O3 particles by Narayanaswamy 
was primarily focused on a variation in the amount of myristic acid as a means to prevent 
particle agglomeration.122  In contrast, our synthesis route relied on the concentrations of 
both myristic acid and amine for individual particle formation.   
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4.6 Synthesis of Colloidal Indium Tin Oxide Nanoparticles 
   The synthesis of colloidal Indium Tin Oxide involved some key alterations to the above 
process.  A tin carboxylate precursor was included to achieve the desired In-to-Sn ratio 
and a more nucleophilic, primary amine octadecylamine was utilized.  Additionally, six 
times the amount of this amine relative to that utilized in our previous work on indium 
oxide was injected.  What follows are detailed steps for the synthesis of an ITO system 
with an In:Sn ratio of 90:10; similar to that found in sputter targets used for thin-film 
sample preparation.  In order to verify that the reaction had progressed as theorized, 
Fourier Transform Infrared (FT-IR) spectroscopy measurements were taken and this data 
is presented in Figure 4.5.  Hot aliquots of the reaction solution were taken just prior to 
amine injection and then again, 60 minutes following the event.  These solutions were 
quickly injected between calcium fluoride plates for subsequent analysis. 
Materials:  Indium acetate (99.99%), tin acetate (99.99%), myristic acid, octadecylamine, 
and 1-octadecene were obtained from Sigma-Aldrich and used without further 
purification.  Chloroform, acetone, and n-hexane were obtained from VWR Scientific and 
used as-received. 
Synthesis: In(Ac)3 (0.9 mmol), Sn(Ac)2 (0.1 mmol), and myristic acid (MA) (3 mmol) 
were combined with 30 ml of octadecene (ODE) in a 3-neck, 125ml round bottom flask.  
It is imperative to prevent significant hydrolysis and associated oxide formation from 
occurring prior to amine injection at high temperature.  Accordingly, this carboxylate 
solution was attached to a standard Schlenk line assembly, purged with argon several 
times, and degassed under vacuum at 110 °C for two hours.  The Schlenk line is a dual 
manifold system wherein one manifold is attached to an inert gas source while the other 
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leads to a vacuum pump. Repetitive purge and fill cycles can reduce the oxygen content 
of an attached reaction flask to just a few parts per million.  While the cation solution 
degassed, a similar preparation was performed on an amine solution composed of 
octadecylamine (ODA) (3 mmol) in 1 ml of ODE.  The (In+Sn) metal carboxylate 
solution was then heated to 295 °C under argon flow.  This argon atmosphere is 
important because it prevents an extensive hydrolysis reaction which, as will be shown, is 
of the reversible type.  At this high temperature, one would expect that all acetic acid 
compounds in 1mmol of In(Ac)3 had been replaced by the 3mmol of myristic acid to form 
indium myristate, In(Mt)3.
122  However, FT-IR data taken just prior to amine injection at 
295 ˚C, displayed a signal corresponding to the COOH stretch of free carboxylic acid at 
~1710cm-1 which indicates that acetic acid was only partially pyrolized and replaced by 
myristic acid (Figure 4.5).122  Therefore, a more proper description of the metal 
carboxylates present in the reaction flask at this time may be In(Ac)3-x(Mt)x and Sn(Ac)2-
x(Mt)x.  The spectra also shows the asymmetric COO
-
 stretch of indium and tin 
carboxylate groups from 1510cm-1 to 1630cm-1 prior to amine injection with the 
prominent signal at ~1642cm-1 being attributed to the ODE solvent.122  The formation of 
ITO was visibly apparent as the solution became faint yellow in color within 2-3 seconds 
of amine injection.  This color changed to orange and finally dark green as the reaction 
progressed over the next five minutes.  The FT-IR spectra taken 60 minutes after primary 
amine injection indicates that the signals corresponding to metal carboxylates and free 
carboxylic acid have been reduced as the nucleophilic substitution progressed.  A weak 
amide peak near ~1690cm-1 may be present but, is difficult to establish with the spectral 
noise in that region.124     
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   The finished product was collected by standard polar/non-polar solvent precipitation 
techniques utilizing a high-speed centrifuge.  The energetic barrier to aggregation 
provided by the organic capping groups is strongly dependent upon the energy of mixing 
between tethered ligands and the solvent in which they are dispersed.103  Addition of a 
non-solvent which is miscible with the original dispersing solvent, destabilizes the 
colloidal nanoparticle dispersion allowing aggregation and subsequent precipitation.  
Following precipitation and washing with acetone and chloroform to remove any side 
products, the particles were re-dispersed in the non-polar solvent, n-hexane.  This 
colloidal dispersion can be stored at room temperature within a variety of similar non-
polar solvents (chloroform, toluene, etc…) for months and potentially years, with no 
significant particle agglomeration.   
 
 
Figure 4.5:  FTIR spectra taken before and after primary amine injection.  Levels of both 
free carboxylic (myristic) acid and metal carboxylate precursors are reduced due to the 
nucleophilic substitution process.5 
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   While a general nucleophilic substitution reaction has been described thus far, the 
presence of free carboxylic acid prior to amine injection indicates that the complete 
process may be comprised of three interrelated nucleophilic reactions (aminolysis, 
condensation, and hydrolysis).  Figure 4.6 presents the proposed reaction scheme at work 
in the synthesis of colloidal ITO.  The initial reaction of amine with indium myristate 
results in the cleavage of C-O bonds on the carbonyl group as nitrogen atoms donate both 
electrons to the electron deficient carbons.  This aminolysis reaction produces ITO and an 
amide as shown.116  The amine may also react with any free carboxylic acid in solution to 
produce additional amide and water through a condensation process.112  The presence of 
condensed water was observed in cooler regions of the flask where a glass thermowell 
was attached.  The occurrence of this reaction in the present case is important because it 
may support a secondary condensation-hydrolysis reaction cascade which compliments 
the primary aminolysis reaction.  Due to their formation in a high temperature 
environment, water molecules will immediately deprotonate and become effective 
nucleophiles that can react with metal carboxylates as well.112  A reaction of this type is 
commonly referred to as hydrolysis and, in the present case, is expected to produce ITO 
and additional free carboxylic acid, typically written as R-COOH.122  Free carboxylic 
acid produced in this hydrolysis process will again react with amine through 
condensation to produce additional water and thus, a condensation/hydrolysis cascade 












(1)  R’NH2 + In(RCOO)3 + Sn(RCOO)4 → ITO + RNHCOR’ …. Aminolysis 
(2)  R’NH2 + RCOOH → RNHCOR’ + H2O ………………… Condensation 
(3)  H2O + In(RCOO)3 + Sn(RCOO)4 ↔ ITO + RCOOH …......... Hydrolysis 
   
Figure 4.6:  Proposed reaction pathway for the synthesis of colloidal ITO nanoparticles.  
A combination of rapid nucleophilic substitutions (aminolysis, condensation, and 





4.7 Verification of Indium Tin Oxide Synthesis 
   Due to the similarity in atomic masses of indium (114.82) and tin (118.71), one can not 
rely only on x-ray diffraction and/or electron diffraction analysis to accomplish the task 
of definitive material identification.  As will be shown in section 5.5, the x-ray pattern of 
undoped indium oxide and a colloidal nanoparticle lattice that incorporates even 20% tin 
appear essentially identical.  All characteristics of the material (composition, structure, 
and functional properties) must be observed for a definitive identification.   
 
4.7.1 Solution Body Color 
   An early indication that the material produced in this reaction is ITO can be found by 
simply observing its body color relative to that of undoped indium oxide.  As a wide band 
gap semiconductor (Eg > 3eV) with absorption edge near ~350nm, In2O3 is completely 
transparent in the visible range (400-700nm).38, 49  While the absorption edge of ITO is 
found at even lower wavelengths due to the presence of free electrons, the long 
wavelength plasma edge associated with these electrons results in some absorption in the 
visible which produces a green to blue material body color.  This difference is clearly 
observed in the dispersions of colloidal In2O3 and ITO displayed in Figure 4.7.  The 
undoped In2O3 sample was made using the same synthesis technique but, simply lacking 
any tin precursor.  As will be discussed in detail within chapter five, the green to blue 
color shift of the ITO displayed in this figure is indicative of the gradual release of free 
electrons into the material and a filling of available conduction band states.  The optical 
clarity of these solutions is due to a complete lack of particle agglomeration achieved by 
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the organic compounds utilized in their formation.  The samples displayed in Figure 4.7 
have shown no signs of agglomeration or turbidity after one year at room temperature.    
   It was noted that this color shift to blue did not occur when the synthesis process was 
performed in ambient air rather than the pure argon atmosphere described above and was 
to be expected.  As shown in the reversible reaction of Figure 4.6 above, hydrolysis of 
metal carboxylates is an efficient route to oxide formation and accordingly, will occur at 
even mildly elevated temperature.  Therefore, a very large amount of oxide nanoparticles 
will have already been produced via simple hydrolysis prior to any amine injection.  The 
continuous attack of metal oxides by free carboxylic acid produced through hydrolysis 
will pose problems with proper tin adsorption, lattice incorporation, and associated free 
electron generation.122  While more detailed analysis of material formed in an ambient air 
atmosphere may fully explain the lack of color change observed, no practical reason 














Figure 4.7:  Clear undoped In2O3 (top), Green ITO 24 hours following synthesis (middle), 
and Blue ITO 48 hours following synthesis (bottom).  All colloidal nanoparticle samples 
are dispersed in the non-polar solvent, hexane.  The observed color change is indicative 
of progressive free electron generation. 
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4.7.2 Composition and Structure  
   The colloidal ITO (48hr) material was analyzed with inductively coupled plasma mass 
spectroscopy (ICP-MS) in order to determine how much of the 10% tin used for its 
synthesis had actually been incorporated within the lattice.  As discussed in the 
experimental methods section, ICP-MS is capable of very high resolution measurement 
of dopant concentrations and was previously utilized for the analysis of manganese-
doped ZnSe quantum dots in which Mn concentrations on the order of 0.5% were readily 
detectable.30  In the present work, a commercial ITO nano-powder (Sigma Aldrich, 
~40nm diameter) was utilized as an internal standard to verify the accuracy of this 
measurement.  Analysis of the colloidal ITO sample displayed in Figure 4.7 indicated 
that 9.3% Sn was present.  This 93% doping efficiency is extremely high as compared to 
the <10% doping efficiency reported by Erwin and co-workers in their work on ZnSe:Mn 
quantum dots.30  Their synthesis method also relied on injection of an anion precursor 
(selenium) into a hot solvent solution composed of both host and dopant cation precursor 
compounds (diethylzinc and dimethylmanganese).  Verification that the tin was fully 
incorporated into the indium oxide lattice was achieved by x-ray diffraction analysis of 
this 9.3%-doped sample.  Figure 4.8 displays a comparison to the commercial (40nm) 
ITO nano-powder used as an ICP-MS standard.  The peak positions of these materials are 
well correlated to the ICDD card (06-0416) associated with the bixbyite structure of 
In2O3.  No signals from impurity phases associated with tin oxide (SnO or SnO2) are 





Figure 4.8: X-ray diffraction spectra of the colloidal ITO (9.3% Sn) produced in this 
work compared to ~40nm commercial ITO nano-powder.  The peak positions associated 
with pure indium oxide (ICPP Card No. 06-0416) are shown as well.5 
 
   An estimate of average particle size can be achieved by application of the Scherrer 
equation to the primary reflections observed in the above x-ray spectra.  The Scherrer 
equation can predict crystallite thickness if average diameters are smaller than 1000Å. 
Small differences in angle are associated with large spatial distances (inverse space).  
Therefore, broadening of a diffraction peak is expected to reflect some large scale feature 
in the crystal.97  The Scherrer equation is obtained by taking the first derivative of 
Bragg's law while holding the wavelength constant and allowing both the diffraction 
angle and Bragg spacing to vary.  Bragg’s law is as, 
 
λθ =sin2d                                          Equation 4.3 
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where, d is the lattice spacing in angstroms, θ is the diffraction angle in radians, and λ is 
the wavelength of x-ray utilized.  Taking the derivative of both d and θ yields, 
 
λθθ =∆∆ )(cos)(2 d                                  Equation 4.4 
 
As ∆θ can be positive or negative, the absolute value is taken to reflect the half-width of 
the peak.  Accordingly, 2∆θ is the peak full-width at half-height, B. As ∆d reflects the 







=∆=                              Equation 4.5 
 
A Gaussian function is typically used to describe the peak and accordingly, a pre-factor 








=∆=                              Equation 4.6 
 
Application of this expression to the 222 reflection observed in Figure 4.9 indicates an 






4.7.3 Particle Morphology 
   This average particle size was verified by the Transmission Electron Microscopy 
(TEM) image shown in Figure 4.9.  The sample was prepared by placing a drop of 
heavily diluted colloidal ITO solution onto a carbon coated, copper grid plate.  Low and 
high-resolution TEM micrographs along with an analysis of the particle size-distribution 
are presented.  This image is one of three that were taken at a magnification of 
X000,290 .  The size-distribution was compiled by measuring 300 randomly selected 
particles from each of the three images followed by a simple averaging of the results.  
The size of roughly spherical particles observed is 5.2±1 nm in diameter with a slight 
preference for larger particles as shown in the distribution plot.  As will be discussed in 
chapter five, the ~75% reduction in size of these particles relative to the 20nm particles of 
undoped In2O3 shown in Figure 4.5 is partially a function of tin incorporation.  However, 
it is also likely that differences in the coordination characteristics of the specific amines 
used (octadecylamine vs. tris(trimethylsilyl)amine), their associated ability to mediate 
particle size, and differences in the amount of each used, played a role. The high-
resolution scanning transmission electron microscope (STEM) image shown in the upper 
left inset provides evidence of the single-crystalline nature of this material as clear lattice 
fringes are observed.  The ~2.5Å spacing seen here can be correlated to the 400 planes of 
the bixbyite lattice.125  An additional high-resolution image shown in Figure 4.10 also 
indicates that many particles are irregularly shaped which is a potential sign of lattice 
distortion.  Details on this will be discussed in chapter five within the context of an 










Figure 4.9:  TEM analysis of the colloidal ITO dispersion shown in Figures 4.8 and 4.9.  
The upper and lower left insets present a high-resolution image of a single particle and 











Figure 4.10:  Additional High-Resolution Z-contrast STEM image of the colloidal ITO 
nanoparticle dispersion shown in Figure 4.10 above.  The presence of distorted particles 





4.7.4 Surface Ligand Character 
   FT-IR analysis was used to determine surface characteristics of the colloidal ITO 
formed (Figure 4.11a).  A dilute solution of purified particles dispersed in chloroform 
was again injected between calcium fluoride plates for subsequent analysis.  The C-O 
stretch (1700 cm-1) and C-H stretch (2850 – 3100 cm-1) of carboxylic acid are both 
clearly observed in the spectra and indicate the presence of myristate ligands.126, 127  
Thermogravimetric analysis (TGA) was performed on this system to estimate the ratio of 
ligand to crystalline ITO particle.  The sample was heated in an air atmosphere from 
room temperature to 500 ˚C at a rate of 10 ˚C per minute and then held at that final 
temperature for approximately 10 minutes to ensure complete removal of all volatile 
materials.  The TGA plot presented in Figure 4.11b indicates a volatile mass loss of 
18.7% which represents the organic ligand content with a minor contribution from 














Figure 4.11:  (a) FT-IR spectra of colloidal ITO dispersed in chloroform.  The C-O 
stretch (1712 cm-1) and C-H stretch (2850 – 3000 cm-1) indicate the presence of myristic 
acid ligands.  Also present is a prominent N-H stretch from the amine group at 3020 cm-1 
which points to a mixed ligand character.  (b) TGA analysis indicates ~19% of the 




4.7.5 Optical Properties 
   As discussed in the background section, the presence of free electrons in ITO can be 
identified by their effect on the material’s optical properties.  This has traditionally been 
determined by analysis of thin-film forms of the material which are greatly influenced by 
deposition procedures.49  The optical clarity of a colloidal ITO dispersion as displayed in 
Figure 4.8 however, allows direct optical analysis of single crystalline particles using a 
standard UV-VIS-NIR spectrophotometer.  Transmission spectra of this material and an 
undoped indium oxide colloidal nanoparticle dispersion are presented in Figure 4.12a. 
The presence of a high free electron concentration in the ITO material is immediately 
apparent by the strong reflection edge observed in the long wavelength (>800nm) regime.  
Recall that this is due to the motion of free electrons in phase with lower frequency light 
and is definitive proof of their presence in the material.38  The spectral position of the 
absorption edge of ITO is also influenced by free electrons which produce a blue shift 
with respect to the undoped In2O3 shown.  Specific steps were taken to ensure that the 
concentration of particles in solution was the same for both materials shown and 
accordingly, this shift is purely a function of intrinsic material properties rather than a 
Beer-Lambert optical effect.128  When continuously diluted with additional hexane, the 
Beer-Lambert effect expands the transparent optical window as shown in Figure 4.12b.  
This simple behavior of the colloidal ITO dispersion may lead to its incorporation within 
a variety of novel composite materials requiring wavelength filtering.        

























Figure 4.12:  (a) Transmission spectra of colloidal dispersions of undoped Indium Oxide 
and ITO nanoparticles dispersed in hexane. The long wavelength reflection edge and 
blue-shift in the absorption edge are both an indication of free electrons in the ITO lattice.   
















4.8 Summary  
   A definitive identification of ITO has been made for the colloidal nanoparticle 
dispersion produced in this work.  ICP-MS analysis of a 10% doped sample shows that 
the nanoparticles are composed of 90.7% indium and 9.3% tin.  X-ray diffraction 
indicates that this tin is fully incorporated into the indium oxide bixbyite lattice with no 
occurrence of separate tin oxide phases.  TEM imaging indicates that these particles 
possess an essentially single crystal character and display a very narrow size-distribution.  
Evidence of excess conduction band electrons was found in the colloidal ITO system 
through the appearance of an infrared reflection edge and ultraviolet band gap absorption 
blue-shift in optical transmission spectra.  The formation of this colloidal nanoparticle 
form was achieved by a solution-based synthesis protocol which relies on metal fatty-acid 
salts, primary amines, and a non-coordinating hydrocarbon solvent.  FT-IR analysis of 
this reaction indicated that the entire process is driven by a series of intense nucleophilic 
substitution reactions (aminolysis, condensation, and hydrolysis).116, 122     
 










INTRINSIC PROPERTY ANALYSIS 
 
5.1 Introduction 
   As previously discussed in the introduction and background sections, a majority of 
what is known about ITO is based on measured properties of sputter-coated thin film 
samples which are significantly affected by various deposition parameters (temperature, 
pO2, sputter rate, etc…).
49  The colloidal nanoparticle form developed in the present 
dissertation work affords the unique ability to analyze the intrinsic material properties of 
single crystals of ITO prior to any film deposition procedures or other treatment.  In 
contrast to polycrystalline thin-film forms of the material, an individual colloidal ITO 
particle may be able to entirely confine excess conduction band electrons within its 
boundaries.  Monitoring the generation of these charge carriers by their influence on the 
optical properties of colloidal dispersions allow the fundamental issues of individual 
particle formation and conduction band filling to be addressed.  In fact, the very origin of 
these excess electrons may be investigated by correlating the optical properties of ITO 
particles to variations in their internal lattice structure.  The evolution of optical 
properties, free electron concentration, and lattice structure can also be correlated to the 
system composition by a variation in Sn dopant concentration. 
 
5.2 Colloidal ITO Particle Formation  
   From the very instant of amine injection, a solution of colloidal ITO nanoparticles is 
optically transparent which offers an opportunity to analyze the system formation by 
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evaluating the evolution of its absorption and reflection edges.   In-situ spectroscopy was 
used to monitor the transmission spectra of a colloidal ITO dispersion from the point of 
reaction initiation through the next thirty (30) seconds.  A high-temperature dip probe 
was immersed into the reaction solution and full spectra were recorded with a high-speed 
spectrometer at 30ms intervals.  Due to an equipment limitation, samples were made with 
a concentration of precursors high enough to ensure the appearance of the reflection edge 
within the 300-800nm spectral window.  Figure 5.1 presents the series of transmission 
spectra taken directly from the reaction solution during the 30 seconds immediately 
following amine injection.    
   The period between 0 and 3.5 seconds is characterized by a clear nucleation and growth 
process.  While there may be an element of Beer-Lambert effects due to a rapid increase 
in particle concentration during this time, the progressive absorption edge shift to longer 
wavelength (lower energy) is consistent with a semiconductor moving from a highly 
confined state (100s of atoms) to one of lower confinement (1000s of atoms).16  This 
behavior has previously been noted for the nucleation and growth of CdSe quantum dots 
in which similar in-situ analysis was performed.129  While it is possible that the formation 
of a reflectance edge at longer wavelengths has begun, its absence from the 300-800nm 
region shown within the 0-3.5 second interval indicates the material is not yet highly 
degenerate in nature.67  It is tempting to speculate that this is indicative of a pure In2O3 
core and thus, added verification of the model for doped nanoparticle composition 
proposed by Schwartz and co-workers.36  However, it will be shown in the next section 
that the generation of free electrons in this colloidal form, continues over a period of 
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several days.  Accordingly, it is also possible that incorporated Sn dopants have not yet 
become electrically active in the 0-3.5 second period following reaction initiation.   
   The first indication of a reflection edge within the spectral window probed is observed 
from 3.5 to 4 seconds and coincides with an abrupt halt of further absorption edge red-
shift for the period from 4 to 9 seconds.  This may be due to competing forces of 
continued particle growth which reduces the band gap energy and progressive conduction 
band filling which serves to expand its apparent value.  The period from 9 to 30 seconds 
displays the continued formation of the reflection edge and a clear blue-shift of the 
absorption edge in classic Burstein-Moss fashion.70, 71  It is unknown at this point whether 
particle growth has subsided completely or if the effects of conduction band filling on the 
apparent absorption band edge position now dominate.     



































Figure 5.1:  In-situ spectroscopic monitoring of colloidal ITO nanoparticle formation.  
Normalized transmission spectra correspond to optical behavior over the first 30 seconds 
following primary amine injection and associated reaction initiation. 
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5.3 Analysis of Conduction Band Filling 
   As described in section 4.8.1 and again in the previous discussion, the absorption edge 
of colloidal ITO continues to shift progressively to lower wavelength (higher energy) as 
excess conduction band electrons are generated in the material over a two to three day 
period.  Valence to conduction band transitions are therefore, forced into progressively 
higher energy states as described by the Burstein-Moss model.70  This behavior is 
displayed in the transmission spectra of Figure 5.2 and is also readily observed by a 
change in the dispersion body color from green to blue.  Following collection and 
purification, transmission spectra of the colloidal ITO system were collected at various 
time points over the 48 hours following synthesis with a UV-VIS-NIR spectrophotometer.  
Great care was taken to ensure that the concentration of particles in solution remained 
unchanged between measurements.  Note however, that any evaporation of the dispersing 
solvent would produce a higher concentration of solute resulting in a red-shift of the 
measured absorption edge position rather than the blue-shift observed.  The absorption 
edge shift first observed at 9 seconds in Figure 5.1 continued to progress over the next 48 
hours.  Advantage was taken of this behavior for an analysis of conduction band filling 
and any potential influence of electron confinement.  Analytical expressions describing 
the relationship between free-electron concentration and band gap expansion are known 
for carrier concentrations both below and above the Mott criteria for a semiconductor-to-
metal transition in ITO (equations 2.41 and 2.42).  Accordingly, one may estimate the 
specific free electron concentration required to produce an experimentally measured band 
gap expansion.  Absorption spectra were taken at three hour intervals to develop a 
detailed record of this expansion over the 120 hours following reaction initiation.   
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Figure 5.2:   Normalized transmission spectra of a colloidal ITO sample containing 
~9.3% Sn doping.  The spectral shift over 48 hours indicates progressive generation of 
excess electrons within the materials conduction band structure.  The change in solution 
body color associated with this shift was previously displayed in Figure 4.8. 
 
   The method used for the calculation of any band gap shift must be both accurate and 
consistent because estimation of free electron concentration will rely solely on this value.  
A standard equation used to determine band gap Eg from optical spectra is,
130, 131  
 
n
gEhCh )( −= ννα                                Equation 5.1 
 
where n=1/2 for a direct gap semiconductor like In2O3, C is a material based constant, hv 
is the incident photon energy in electron volts eV, and α is the absorption coefficient in 
cm-1.  A plot relating the square of the absorption coefficient (α2) to the incident photon 
energy (hv) is often used for a fairly accurate estimate of the dispersed material’s intrinsic 
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band gap by extending the linear portion of the curve to α2=0.  Implicit in this estimate-
based approach is the assumption that α has been properly determined for each incident 
photon energy.  A standard method often used is the Beer-Lambert approximation as, 
 
lA α=                                                 Equation 5.2 
 
where, A is the measured absorbance and l = 1cm for the typical quartz cuvette used in 
this type of measurement.  This expression is valid only under the strict condition that a 
minimum of shadowing effects have occurred.128  This phenomenon is caused when 
photons are absorbed by two or more particles positioned in a row which is parallel to the 
incident beam path and results in a greater absorptivity value than actually warranted.  
Accordingly, it is common practice to use a heavily diluted colloidal solution and the 
results of this treatment are sufficient for the majority of analyses.  In the present case 
however, there must be an absolute minimum of error present in band gap measurement 
and this requires application of the full material-concentration-dependent form of the 
Beer-Lambert law as, 
 
lcA =∈                                                 Equation 5.3 
 
where, ∈  is the molar absorptivity and c is the molar concentration in solution.  The 
present work utilizes an expression derived by Kormann and co-workers for application 







α =                                      Equation 5.4 
 
where, ρ is the material density in g/cm3 and c is its concentration in solution as g/L.  The 
2.303 factor is a consequence of the derivation and is equal to ln(10).  As the atomic 
masses of tin and indium are almost identical, the density of undoped indium oxide was 
used for calculations as 7.18 g/cm3.  Figure 5.3 shows an example of analysis done for 
the system displayed in Figure 5.2 at 48 hours following reaction initiation.  The 
concentration in solution c, was determined by precisely weighing the amount of ITO 
(minus ligands) present in ~1ml of dispersing solvent.  The colloidal dispersion was then 
diluted with measured quantities of the solvent as transmission/absorption spectra were 
taken at each step (Figure 5.3a).  A fundamental feature of the (α2 vs hv) plot is that it 
tends to a single curve for the limiting case of c=0 as shown in Figure 5.3b.  The 
measured band gaps, for undoped In2O3 and ITO (9.3% Sn), were determined as ~3.55eV 
and ~3.88eV, respectively.  If treated as a bulk material, this indicates that the apparent 
band gap of this colloidal ITO sample has experienced an expansion ∆Eg of ~0.33eV due 










   
 
Figure 5.3:  Estimate of the band gap for a colloidal ITO nanoparticle dispersion using a 
material-dependent form of the Beer-Lambert law.  (a) Transmission spectra showing the 
effects of progressive dilution with additional solvent.  (b) The effects of this dilution on 
the (α2 vs. hv) plot used to determine the system band gap.  Extending the linear portion 




   The temporal variation in apparent band gap expansion for the colloidal ITO dispersion 
is presented in Figure 5.4.  Again, all data points are with respect to the measured band 
gap of an undoped colloidal dispersion of In2O3 nanoparticles made using the same 
synthesis approach.  An initial band gap expansion of 0.18eV is already present 
approximately two hours following reaction initiation.  This expansion continues to 
progress over the next 118 hours with a steady state of 0.34eV reached after 
approximately 72 hours.  As determined by high resolution x-ray diffraction, the particle 
size (~5.5nm) was unchanged during the analysis period and thus, any increase in band 
gap expansion observed is purely a function of free carrier generation in the lattice rather 
than some quantum confinement effects.  In other words, this band gap expansion did not 
occur due to a shrinking particle size.  However, the degree to which upper conduction 
band states (1s, 1p, 1d, etc…) are stretched apart could certainly influence the results 
(refer to Figures 2.11 and 2.13).  As discussed in the background (section 2.6.3), an 
accepted analytical treatment on the effects of quantum confinement in heavily 
degenerate semiconductors like ITO is currently unavailable.  Accordingly, analysis was 
performed in the present dissertation work assuming the two limiting cases: 
No Quantum Confinement.  This assumes that excess conduction band electrons are 
entirely free and their concentration in the ITO lattice can be estimated using the 
established relationships to conduction and valence band dispersions previously 
described in section 2.5 of the background chapter.  
Classic Quantum Confinement.  This assumes that excess conduction band electrons are 
entirely confined within each nanoparticle boundary.  Energy levels are now located at 
discrete positions and hold a finite number of electrons depending upon degeneracy.         
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Figure 5.4: Temporal evolution of the measured band gap expansion for a colloidal ITO 
sample containing ~9% Sn doping.  The expansion values given were determined by 
subtracting the band gap of an undoped colloidal In2O3 nanoparticle system from the 
measured band gap of the ITO sample at each time point.   
 
5.3.1 Analysis Assuming No Quantum Confinement    
   Utilizing ∆Eg data to estimate intrinsic free electron concentration relies on the 
fundamental expressions for conduction band filling and many-body interactions 
described in the background section 2.5.3.  As previously determined, the Mott critical 
free electron concentration Nc in ITO is on the order of 1181062.5 −cmx .  It is at this point, 
that a semiconductor-to-metal transition takes place and the material begins to exhibit 
highly degenerate characteristics like low temperature conductivity.2  For free electron 
concentrations just below this value, the associated degree of band gap expansion, 
relative to an undoped material, can be estimated using the Burstein-Moss band filling 
effect only (Equation 2.41).  This treatment indicates that the value of Nc described above 
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for ITO would produce a band gap expansion ∆Eg of ~0.05eV.  Accordingly, for all cases 
in which the band gap expansion utilized for free carrier estimation is greater than this 
0.05eV value, the effects of many-body interactions must be included.  For a first 
approximation that includes band gap narrowing due to exchange interactions only, the 
























                 Equation 5.5 
 
This was derived by a combination of equations 2.35, 2.41, and 2.42 in the background 
section.  It has been shown that use of an expression such as this which neglects 
screening may result in a slight over-estimation of the band gap narrowing effect and 
accordingly, an under-estimation of the associated free electron concentration.69  It has 
been used for the present work in an effort to be conservative in calculations.  Noting the 
quadratic form provided by (n1/3)2 and (n1/3), this expression can be re-written for the 
calculation of n as,   
 














































The process of free electron estimation assuming no quantum confinement (bulk) is then,  
 
1. Determine the absorption coefficient from transmission data using equation 5.4. 
2. Estimate the band gap widening using the (α2 vs hv) plot. 
3. Calculate free electron concentration n using equation 5.6 above.   
 
As displayed in Figure 5.5, this procedure indicates that a free electron concentration of 
~ 3201075.1 −× cm  is capable of producing the experimentally observed band gap shift at 
120 hours following synthesis.  It is important at this point to note that this estimated 
value is within the range of measured free electron concentrations found in sputter coated 
ITO thin-film polycrystalline samples.  When the average particle size of ~5.5nm is 
considered, this value can be converted to an average of ~14 free conduction band 
electrons per colloidal particle.    The increase in free electron concentration and average 
number of free conduction band electrons per particle over the analysis period of 118 
hours was ~ 319109 −× cm  and ~7, respectively.   
 












Figure 5.5: Estimation of free electron concentration in colloidal ITO from the measured 
band gap expansion observed over the 120 hour analysis period.  The thick-lined curve 
represents equation 5.5 with the effective masses and dielectric constant characteristic of 
bulk ITO.  It is estimated that approximately 14 free conduction band electrons per 
particle are capable of producing the observed band gap expansion at 120 hours (relative 
to an undoped colloidal In2O3 sample).  It is also estimated that approximately 7 free 
conduction band electrons per particle were generated during the analysis period.  The 
above analysis assumes that excess electrons are “entirely free” within the nanoparticle 






5.3.2 Analysis Including Quantum Confinement 
   The inclusion of quantum confinement in the estimation of confined excess electron 
concentration relies on the effective mass approximation (EMA) discussed in section 
2.6.2 of the background chapter.16-18  As previously displayed in Figure 4.10, the size of 
colloidal ITO particles for this sample ranges from ~4.5nm to ~6.5nm in diameter.  
Accordingly, the theoretical position of conduction band energy levels calculated with the 
EMA approach will display a rather wide variation  as shown in Figure 5.6 below.  When 
this potential effect is overlaid onto the plot of ∆Eg versus time, an estimate of energy 
level location within the resultant conduction band structure of the colloidal ITO 
dispersion is achieved (Figure 5.7).  The transition energy in electron volts may now 
correspond directly to the number of confined excess conduction band electrons per 
particle.  As discussed in section 2.6 and displayed in Table 2.3, the effective density of 
states for the 1s conduction level in a 3-dimensional confined sphere is a scalar quantity 
and equal to 2.2  This corresponds to the two allowed spin states (i.e., spin up and spin 
down).  Similarly, the number of electrons allowed in the 1p and 1d levels is 6 and 10, 
respectively.  Figure 5.7 indicates that an average of 8 excess electrons (2 in 1s + 6 in 1p) 
confined within each colloidal ITO particle is capable of producing the observed band 
gap expansion at 120 hours.  This value differs significantly from the 14 electrons per 
particle estimated using a bulk-like band dispersion approach and it is likely that the true 
number is found somewhere in between these two limiting cases.  It is however, 
interesting to note that the sharp rise in band gap expansion observed between 3 and 6 
hours following synthesis precisely coincides with a separation between calculated 1s and 








Figure 5.6:  Theoretical variation of the available conduction band electron energy levels 
with diameter for a ~5.5nm colloidal In2O3 nanoparticle system that displays a 2nm size 













Figure 5.7: Comparison of the experimentally determined colloidal ITO band gap 
expansion to the confined conduction band energy levels calculated using EMA theory 
and displayed in Figure 5.6 above.  The hatched areas display the estimated width of 
these theoretical regions in light of a 2nm particle size distribution.  This data indicates 
that an average of 8 confined excess conduction band electrons per particle is capable of 
producing the observed band gap expansion.  Note the potential level jump from 1s to 1p 
between 3 and 6 hours following reaction initiation. 





Although it is well known that the effective mass of conduction band electrons increases 
as their concentration is increased in a semiconductor lattice,43, 74-83 general use of the 
Burstein-Moss model makes a key assumption that the effective mass of electrons and 
holes are a constant regardless of their concentration.  While this treatment is not 
significant for bulk materials, its influence in the case of a quantized system may be 
important.69    The effective electron mass, ∗cm , is found in the denominator of Equation 
2.55 describing the Bohr radius of a semiconductor.  Accordingly, an increase in the 
electron effective mass will reduce the Bohr radius and produce a shift in the onset of 
quantum confinement effects to even smaller particle dimensions.  Additionally, it is also 
well known that the effective mass approximation routinely over-estimates the quantum 
confinement phenomena because it assumes a hard sphere model and does not take into 
account surface defect states in individual crystallites.133  A more accurate description of 
electron confinement within a semiconductor nanoparticle is based on a consideration 
that the potential barrier is finite with a tunneling decay length rt of approximately 0.5nm 
for a typical system.  Because the kinetic energy strongly depends on the volume in 
which the electron is confined, penetration outside the crystallite may reduce the energy 
of the electron considerably (20-25% for semiconductors with a diameter from 2-7nm).88  
The finite nature of a particle’s surface potential barrier and the influence of a periodic 
lattice containing defects are taken into consideration through the Tight Binding Model.  
This approach models nanoparticle electronic states starting from the limit of isolated 
atomic orbitals.94, 133  The difference between EMA and TB models is highlighted in 
Figure 5.8 which shows the 1s, 1p, 1d, 2s, and 1f conduction band energy levels 
calculated for the ZnO system by Roest.6, 91, 93  Note that where the EMA dictates a given 
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transition energy is to the 1p state, the TB model indicates the 1d state has already been 
reached.  These factors indicate that the 1d conduction band energy state shown in 
Figures 5.6 and 5.7 may have become available for filling at the ~5.5nm ITO particle size 
produced.  This would increase the potential number of electrons per particle from 8 to 18.  
A colloidal ITO dispersion displaying an even more monodisperse size-distribution and 
application of the Tight Binding method are required for a more precise analysis. 





Figure 5.8:  Kinetic confinement energies of the conduction band levels for a ZnO 
quantum dot, as a function of particle diameter.  Solid lines were calculated with the 
tight-binding model (bottom to top; 1s, 1p, 1d, 2s, 1f).  Symbols represent energy level 
predictions using the effective mass approximation: 1s(+), 1p(○), 1d(×), 2s(∆), and 




5.4 Origin of Excess Electrons in Colloidal ITO 
   According to the Frank and Kostlin defect model of ITO, free electron generation is 
caused by the progressive removal of “reducible” interstitial oxygen.52  Evidence of this 
removal has previously been gathered by neutron diffraction data obtained from both thin 
films and commercial nanopowders treated under reducing atmospheres.54  The present 
work makes use of the influence that tin doping has on internal lattice structure to offer 
additional support for the Frank and Kostlin defect model.  It is known that the indium 
oxide lattice parameter expands beyond the undoped value of 10.117Å as tin is 
incorporated.52, 134-137  Although the radius of Sn4+ (0.71Å) is smaller than the In3+ 
(0.81Å) for which it substitutes, the net positive charge associated with its incorporation 
results in an electrostatic repulsive force that serves to expand the doped lattice.54  It has 
been suggested that incorporated oxygen interstitials, which are present to accommodate 
this charge imbalance, would partially screen the repulsive force.52  Accordingly, it was 
theorized that the removal of these screening species could be identified in colloidal ITO 
by an observed lattice expansion due to progressively stronger electrostatic repulsive 
forces.   
   With this in mind, the degree of both band gap and lattice parameter expansion were 
compared for the sample displayed in Figure 5.4 above.  High-resolution x-ray 
measurements were taken within 30 minutes of selected transmission measurements and 
a Pseudo-Voigt peak profile fitting regime was utilized, in conjunction with JADE 
software, to determine the lattice parameter at each time point.  As shown in Figure 5.9, 
an expansion from ~10.131Å to 10.137Å occurred over the analysis period and its trend 







Figure 5.9: Time variation of the measured band gap expansion and measured lattice 
parameter for colloidal ITO over the 120 hour analysis period.  The good correlation 
between these two trends lends support to the Frank and Kostlin defect model which 
dictates that removal of interstitial oxygen is the primary source of free electrons in ITO.  
The removal of interstitial oxygen may promote lattice expansion as the shielding which 





   In order to provide further verification for the relationship between free electron 
variation and lattice parameter change, this sample was then heated in an oxidizing 
atmosphere as a means to forcibly incorporate interstitial oxygen.  Precisely 3ml of the 
dilute ITO solution was slowly heated up to 150 ˚C in a drying oven under an air 
atmosphere.  After the original dispersing solvent was evaporated, exactly 3ml of hexane 
was added to the sample vial and gently shaken until the ITO was once again, re-
dispersed in solution.  An immediate difference in body color was observed as the 
solution had changed from blue to green.  Transmission spectra were recorded and high 
resolution x-ray diffraction analysis was performed within an hour to determine any 
lattice parameter change.  The results of these measurements are presented in Figure 5.10.  
The observed color change was due to a band gap contraction of ~0.2eV which is 
consistent with a loss of free electrons from the ITO conduction band.  High-resolution x-
ray diffraction indicated that although the particle size was unchanged, its lattice 
parameter had contracted by ~0.005Å.  This analysis indicates that band structure and 
interstitial oxygen content may be correlated to the internal lattice structure of colloidal 










Figure 5.10: Normalized transmission spectra of a colloidal ITO sample containing ~9% 
Sn doping both before, and after heating in an air atmosphere.  The spectral shift 
displayed is indicative of the removal of excess electrons from the conduction band 
structure.  The lattice parameter is found to contract as a result of this treatment. 
 
5.5 Composition-Structure-Property Relations 
   The variation in free electron concentration with ITO sputter target composition most 
often reported for thin films is as previously displayed in Figure 2.1.  This well 
documented relationship is in fact, the principal reason that ITO sputter targets with 10% 
Sn are typically utilized by thin-film manufacturers.  As discussed in the background 
section, this behavior is entirely consistent with the Frank and Kostlin defect model for 
ITO which asserts that Sn doping beyond an optimum level will result in an increasing 
prevalence of  nearest neighbor "iOSn −
•  pairs which tend to trap interstitial oxygen and 
decrease free electron concentration.1, 138  It was desired to know how this relationship of 
Sn content versus excess conduction band electron concentration is manifest in the 
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colloidal ITO nanoparticle system developed for this dissertation.  Synthesis process 
parameters such as carboxylic acid to amine ratio, reaction temperature, and reaction time 
were held constant while the concentration of Sn used in solution was varied from 0 to 
20% (by molar weight of cation).  Table 5.1 displays this variation with the results of 
ICP-MS (composition) and x-ray diffraction (phase, particle size, lattice parameter) 
analyses.  As was done for the material discussed in chapter four, a combination of ICP 
and x-ray analysis was utilized to verify that ITO had been formed in all reactions.  In 
each case, a pure bixbyite phase is indicated with no measureable traces of SnO or SnO2 
impurities even at a measured doping content of ~18% Sn as shown in Figure 5.11.  The 




Table 5.1:  Composition and structural properties of colloidal ITO prepared with different 







Figure 5.11:  X-ray spectra comparing the phase purity of undoped colloidal In2O3 and 
colloidal ITO that incorporates greater than 18% Sn (as determined by ICP-MS analysis).  
The presence of primary diffraction peaks for SnO and SnO2 are absent from the spectra.  
 
   It was immediately apparent by a progressive broadening of x-ray diffraction peaks 
(Figure 5.12), that the particle size was being reduced as the concentration of Sn 
increased in the lattice.  Pseudo-Voigt peak-fitting routines and Scherrer equation 
calculations were performed using JADE software to attain values of the average particle 
diameter for each sample.  These results are displayed in Table 5.1 and presented with 
respect to the incorporated Sn concentration in Figure 5.13 below.  A decreasing particle 
size with increasing Sn content has previously been reported for solvothermally 
synthesized ITO nanoparticles.48  An attempt is made here to offer a reasonable 
explanation for the observed trend in the case of colloidal ITO developed for the present 
dissertation work.     
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Figure 5.12:  High-resolution x-ray diffraction spectra of the 222 reflection for colloidal 
ITO nanoparticle dispersions prepared with an increasing concentration of Sn precursor.  
The progressive peak broadening is indicative of a decrease in average particle size.   
 
 
Figure 5.13:  Variation of average particle diameter with incorporated Sn content for 
different dispersions of colloidal ITO.  The trend line shown is of a simple second order 
polynomial character. 
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5.5.1 Composition-Structure Relations 
   Figure 5.14 presents TEM micrographs of samples doped with 0,2,4,6,8, and 10% Sn.  
It is immediately seen that much of the initial size decrease in moving from (~9.5nm at 
0% Sn) to (~7nm at 5.6% Sn) was due to the increasing appearance of 6nm particles as 
more Sn precursor is added to the reaction solution.  This initial size inhomogeneity is 
likely indicative of an analogous variation in Sn concentration.  The smaller particles may 
be heavily doped (much greater than the average value determined by ICP) while the 
largest particles are poorly or perhaps, entirely undoped.  In general, an ensemble of 
doped nanoparticles will exhibit a range of dopant population per particle thus, leading to 
inhomogeneity in effective concentration.4  Dopant distributions among nanoparticles can 
be described theoretically using the binomial expressions given in Equations 5.7 and 5.8.  
Rather than signifying carrier concentration, the parameter n is now the total number of 
dopant ions per particle having N total cation sites available for substitution and x is the 



















=                                      Equation 5.8 
 
These expressions indicate that large variations in the doping levels of individual 
nanoparticles can arise from relatively ideal statistical dopant distributions within an 




Figure 5.14:  TEM images of a series of colloidal ITO dispersions prepared with the 
indicated Sn doping contents.  The appearance of smaller particles on 2 and 4% Sn 
doping produces the rapid decrease in average particle size measured by x-ray diffraction.  
Those made with 8% and greater Sn contents display relatively narrow size distributions. 
 
 112 
   While the Poisson model can provide insight on dopant populations within an arbitrary 
system of particles, it does not explain why a doped colloidal ITO particle would be so 
much smaller than an undoped version.  The diameters of samples incorporating 6-18% 
Sn progressively shift towards 4nm while showing no significant degree of size 
inhomogeneity.    This trend may be understood by considering the kinetics of nucleation 
and growth processes for a nanoparticle system attempting to incorporate dissimilar 
atoms into its lattice.  As discussed in section 5.2, it is estimated that the majority of 
particle nucleation is complete within a few seconds of reaction initiation and that core 
nuclei may be composed almost exclusively of the pure In2O3 lattice.  What follows this 
event is primarily diffusive adsorption of both indium and tin precursors onto the 
growing nanoparticle surfaces.  It is well known and verified by the present work, that the 
lattice structure of ITO is inherently distorted relative to undoped In203.  This may 
produce a thermodynamic barrier which inhibits further In2O3 growth around a Sn-doped 
particle, or equivalently, yields a greater solubility of ITO than undoped In2O3.
36  This 













exp                                  Equation 5.9 
 
where, Sr is the solubility of a nanoparticle of radius r, SB is the solubility of the 
corresponding bulk material, Vm is the molar volume, and γ is again, the specific surface 
energy of the nanocrystal as in Equation 4.1.  Surface or near-surface dopants may cause 
lattice strain that elevates the specific surface energy, γ, which would then increase the 
doped nanoparticle’s solubility and inherent stability at the reduced dimensions observed.    
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   Figure 5.15 presents the variation in average lattice parameter as the Sn content is 
increased.  Also shown is the calculated number of Sn atoms per average particle over the 
same range.  While the range from 0-4% Sn is heavily influenced by size and doping 
inhomogeneity, the 6-20% range offers some useful insight.  The number of Sn atoms per 
particle is decreasing in part, because the efficiency of doping is being reduced from 
(94% at 6% Sn) to (90% at 14% Sn).  Another reason may be that the number of particles 
incorporating Sn dopants is rapidly increasing.  As these Sn atoms are confined to a 
progressively smaller volume, they are subsequently forced closer together.  As a result, 
the lattice parameter of the material is progressively expanded due to the electrostatic 
repulsive force discussed in section 5.4.  The number of Sn atoms per particle begins to 
rise from 14% to 18% doping because both particle size and doping efficiency have 
reached steady states.  Thus, any additional Sn is forced into the ~4nm particle volume as 
confirmed by x-ray diffraction which indicates dopant atoms are fully incorporated 
within the bixbyite lattice.  It is interesting to note that the lattice parameter appears to 
increase at a slower rate for these data points.  This may be further indication of 
interstitial oxygen trapping by Sn as proposed by the Frank and Kostlin defect model.  In 
this case, the increased electrostatic repulsion of additional Sn dopants may be partially 












Figure 5.15:  Variation of both average Sn atoms per particle and lattice parameter with a 
variation in the average Sn concentration as determined by ICP-MS analysis.  While the 
data points corresponding to Sn concentrations up to 6% are heavily influenced by size 
and concentration inhomogeneity, those points from 8 to 20% offer useful insight.  While 
fewer Sn atoms are found within each ITO nanoparticle, the reduced particle volume 
forces these dopants closer together.  This may increase the electrostatic repulsive force 







5.5.2 Composition-Property Relations 
   The influence of Sn concentration and particle size on the optical properties of this 
system, were evaluated by the approaches outlined in section 5.3 of this chapter.  The 
degree of band gap expansion for each sample (0 to 18% Sn) was determined and is 
presented in Figure 5.16.  This analysis was performed at least 3 weeks following 
reaction initiation such that the generation of excess conduction band electrons could be 
assumed complete within each sample.  Again, the two limiting cases were investigated 




Figure 5.16:  Variation in the measured band gap expansion of colloidal ITO as the Sn 
content is increased within the nanoparticle lattice.  Expansion values displayed are 
relative to an undoped colloidal In2O3 nanoparticle system.   
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The free electron concentration for each sample was calculated using the bulk-like 
dispersion previously derived and presented in Equation 5.6.  The variation of these 
values with incorporated Sn content is displayed in Figure 5.17 below.  The trend 
observed for colloidal ITO is similar to those reported for sputter-coated thin film 
versions of the material.3, 102  The peak in estimated free electron concentration of 
1201084.1 −× cm  (~20 free electrons per particle) occurs at an incorporated Sn content of 
~7.4% as determined by ICP-MS analysis.  This optimum dopant concentration is slightly 
less than the majority of values reported for thin film ITO.  Just as in the case of thin 
films, Sn atoms incorporated into a colloidal ITO particle are forced progressively closer 
together as their concentration in the lattice is increased.  The Frank and Kostlin defect 
model dictates that this will increase the occurrence of nearest-neighbor "iOSn −
•  
associates which then results in the increased trapping of interstitial oxygen and a 
decrease in free electron concentration.54, 138  In the present case of colloidal ITO 
however, dopant-induced particle size reduction may exacerbate this behavior.  As 
previously shown in Figure 5.15, a progressive increase in lattice parameter was observed 
as the Sn content was increased, even though the average number of Sn atoms per particle 
had decreased.  This indicated that Sn dopants were being forced closer together within 
the nanoparticle boundaries.  This behavior may increase the incidence of nearest-
neighbor "iOSn −
•  associates and lead to trapping of interstitial oxygen at a lower Sn 
concentration than that observed in the thin-film (bulk) material form.  The ability to 
produce a series of colloidal ITO dispersions in which the size is held constant while the 
Sn concentration is progressively increased would aid in the explanation of the observed 
quenching behavior.   
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Figure 5.17: Variation in the estimated free electron concentration of colloidal ITO as the 
Sn content is increased within the nanoparticle lattice.  Values displayed were calculated 
using Equation 5.6 with the assumption of bulk-like band dispersions for each colloidal 
system.  Samples made with less than ~6% Sn display size and doping inhomogeneities. 
 
   Taking the average particle size into account, the above data indicates that 
approximately 20 excess free electrons are present per colloidal ITO particle when a Sn 
doping concentration of 7.4% is utilized.  Estimation under the assumption of a quantum 
confinement influence requires the calculation of conduction band energy levels (1s, 1p, 
1d, etc…) for each of the colloidal dispersions.  This was again, done using the effective 
mass approximation and a radial spherical Bessel function as described in section 2.6.2 of 
the background chapter.  The average particle size for each colloidal ITO dispersion was 
utilized as the input values.  While those points corresponding to Sn concentrations less 
than 6% are significantly influenced by size and doping inhomogeneity, the remainder of 
this data can be considered reliable.  As shown in Figure 5.18, the majority of expansion 
data points fall within the 1s to 1p conduction band energy levels with none moving 
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above the 1d level.  When the size-distributions of each colloidal dispersion are taken 
into account for the calculation of energy level positions, the plot of Figure 5.19 is 
achieved.  As discussed in section 5.3.2, an increased effective electron mass may extend 
the onset of quantum confinement to even smaller particle dimensions.  This behavior 
coupled with a tendency of the EMA approach to overestimate the quantum confinement 
effect could indicate that the 1d state is occupied for data points up to ~14% Sn doping.  
Above this value however, a rapid size-induced rise in the 1d level coupled with a Sn-
induced decrease in excess electron content may pin the systems to a 1p level state.  
Similar to the issue of temporal evolution of conduction band filling discussed in section 
5.3.2, samples displaying a more monodisperse size-distribution and the inclusion of a 
Tight Binding model are necessary for a more definitive analysis of the quantum 




















Figure 5.18:  Variation in the measured band gap expansion of colloidal ITO as the Sn 
content is increased within the nanoparticle lattice.  The location of conduction band 
energy states were calculated using the EMA and a radial spherical Bessel function.  
Energy level positions were determined for each of the eleven colloidal nanoparticle 














Figure 5.19:  Variation in the measured band gap expansion of colloidal ITO as the Sn 
content is increased within the nanoparticle lattice.  The location of conduction band 
energy states were calculated using the EMA and a radial spherical Bessel function.  
Energy level positions were determined for each of the eleven colloidal nanoparticle 
samples displayed using their particle size-distributions as input values.  These 






   A common method utilized to correlate electro-optical data taken from various thin-
film studies is to plot their measured band gaps against the measured carrier 
concentrations to the 2/3 power (Eg vs. n
2/3 plot).  This is done as a consequence of the 
n
2/3 influence inherent in the Burstein-Moss conduction band filling expression (Equation 
2.41).49, 67, 72  Figure 5.20 presents a plot of this type which utilizes data obtained for the 
Sn concentration series described above.  The slope of this line is equal to the reduced 
effective mass ( om22.0 ) and when extended to n
2/3
 = 0, an estimate for the band gap of 
undoped In2O3 may be attained.  The 3.48eV value indicated by this procedure is 0.07eV 
less than that directly measured for the undoped colloidal In2O3 sample.  An EMA 
calculation for the ~9.5nm undoped colloidal In2O3 system can account for only 0.01eV 
of the expansion and as previously discussed, this effect may be overestimated as well.  A 
reasonable explanation for the anomaly is that this “undoped” system is in fact, slightly 
degenerate in nature.  It is well known that pure In2O3 maintains a low level of regular 
lattice, structural oxygen vacancies which yield modest degeneracy.38  If the 1s level is 
occupied by two electrons per particle, valence to conduction band transitions will be 
forced into the 1p level.  According to (typically over-estimating) EMA calculations, this 
would be located approximately ~0.09eV higher than in an analogous bulk material.  
Thus, it is certainly possible that a combination of quantum confinement and modest 













Figure 5.20: Correlation of experimentally measured band gaps of colloidal ITO 
dispersions with their estimated carrier concentrations to the two-thirds power (n2/3).  
When extended to 0=n , this relationship provides the expected band gap of the undoped 








   The intrinsic properties of single crystalline ITO particles produced in this dissertation 
work were investigated by monitoring the evolution of absorption edge progression and 
excess conduction band electron generation on time scales ranging from milliseconds to 
hours in length.  The ability to perform this analysis is due to the inherent transparency of 
the colloidal nanoparticle form.  In-situ spectroscopy was able to provide additional 
experimental support of models proposed by both Schwartz36 and Erwin30 for the 
compositional structure of doped nanoparticles formed in a solution of both host and 
dopant species.  Continued monitoring of the colloidal dispersion’s optical properties 
provided a means to map the effects of conduction band filling and energy level 
occupation by methods which are novel for an ITO nanoparticle system.  Through this 
analysis, it was found that the quantum confinement effect may allow significantly fewer 
excess conduction band electrons to expand the band gap of a colloidal ITO nanoparticle 
system.  When the rate of band gap expansion was correlated with a progressive 
expansion in lattice parameter over the same period, experimental support for the Frank 
and Kostlin defect model for ITO was achieved.  Finally, the basic relationships between 
composition, structure, morphology, and functional properties were established by an 
analysis of Sn concentration variation.   






BATCH-SCALE PROCESSING OF COLLOIDAL ITO 
 
6.1 Introduction    
   A key to the adoption of any material system for wide-spread industrial use is the 
development of synthesis routes capable of producing multi-gram or even kilogram 
quantities in a manner that is both rapid and cost-effective.  An additional requirement 
which is becoming increasingly common is that the process inflict a minimum of 
environmental impact in terms of materials used and waste produced.  The colloidal ITO 
synthesis process developed  in this dissertation work relies on common metal fatty-acid 
salts and relatively cheap hydrocarbon solvents.  The procedure outlined in chapter four 
is also rapid, taking just 5-6 hours from initial precursor weighing to final product 
dispersal.  As previously discussed, the concentration of precursors in solution must 
attain a critical level of supersaturation (CSS) for nucleation and growth of colloidal ITO 
nanoparticles to occur.4  Injection of primary amine precursors above the critical 
nucleation temperature Tc, achieves this saturation level but, becomes increasingly 
cumbersome to perform when large reaction volumes for the synthesis of multi-gram 
quantities are required.   Furthermore, because the octadecylamine precursor used is a 
solid at room temperature, copious amounts of chloroform are required to dissolve any 
unreacted material when very large amounts (10s of grams) are utilized.  In response, 
modifications to both the synthesis approach and choice of amine precursor were made 
such that multi-gram quantities of high-quality colloidal ITO nanoparticles could be 
made in a manner suitable for industrial adoption. As will be shown, the primary trade-
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off for the benefit of this large volume reaction is a broadening of the particle size-
distribution. 
 
6.2 Non-Injection Synthesis Route to Colloidal ITO 
   The approach taken was to combine all reactants together (metal carboxylates and 
amine) in a 1000ml flask at room temperature such that supersaturation conditions were 
already achieved.  Slow heating of this solution to a point just above the critical 
nucleation temperature, Tc, allowed for nucleation and growth of colloidal nanoparticles 
as shown in Figure 6.1.  This kinetic model assumes that the solution temperature has just 
moved above Tc and is subsequently held at that point (or slightly higher) throughout the 
time period displayed.   
 
 
Figure 6.1: Kinetic model of nucleation and growth for a non-injection approach to 
colloidal nanoparticle synthesis.  It is assumed that the solution temperature has just 
reached Tc at time t=0, where it is held for the duration of the modeled period. 
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Once nucleation of embryos has commenced, the concentration of precursors will 
progressively decrease to a point below that required for homogeneous nucleation.  
Unlike the case of rapid amine injection, no temperature drop is performed in the above 
method.  This leads to a longer nucleation period δ(t) and an associated broadening of the 
particle size-distribution.101  While the nuclei formed at time t1 are growing, additional 
nuclei at times t2, t3, tn are being formed which leads to a range of final particle sizes 
when the precursor concentration falls below CSS.
101, 110, 139  While growth from solution 
will tend to occur most rapidly on those particles with the highest surface energy (i.e., the 
smallest particles), the final size distribution will typically be larger than that found in the 
rapid injection technique previously described.101  Whereas octadecylamine was used in 
the rapid injection method, oleylamine was used for the current non-injection technique.  
While both compounds are C18 amines, oleylamine is more “user friendly” because it is 
a liquid at room temperature and thus, does not require heating prior to injection.     
 
6.3 Specific Procedures and Reaction Analysis 
Materials:  Indium acetate (99.99%), tin acetate (99.99%), myristic acid, oleylamine, and 
1-octadecene were obtained from Sigma-Aldrich.  Chloroform, n-hexane, and acetone 
were obtained from VWR Scientific.  All chemicals were used as-received. 
Synthesis: In(Ac)3 (27 mmol), Sn(Ac)2 (3 mmol), myristic acid (MA) (90 mmol), and 
oleylamine (OA) (90 mmol) were combined with 400 ml of octadecene (ODE) in a 3-
neck flask of 1000ml capacity.  The flask was then attached to a standard Schlenk line 
assembly, purged with argon several times, and degassed under vacuum at 110 °C for 
two hours.  The entire solution was then raised to 250 ˚C at a rate of 5 ˚C per min, under 
 127 
high purity argon flow.  The solution became faint yellow as the temperature rose past 
~220 ˚C which indicated that particle nucleation had commenced and the critical 
temperature Tc for the onset of homogeneous nucleation was likely found in the 200-220 
˚C range for the specific precursor ratios used in this sample.  The solution color shifted 
very rapidly to dark green as the temperature moved above 230 ˚C and appeared almost 
black at its target point of 250 ˚C due to the high concentration of ITO particles in 
solution.  FT-IR analysis of an aliquot taken from this solution at 250 ˚C presents a very 
different reaction progression than that seen when octadecylamine was used as the 
primary nucleophile (Figure 6.2).  Only a very weak signal from free carboxylic acid at 
1710cm-1 remains and the appearance of the asymmetric stretching mode of an amide 
peak near 1690cm-1 is now very evident.124  The prominent peaks at ~1630cm-1 and 
~1537cm-1 are assigned to scissoring and bending modes of N-H and the characteristic 
double carbon bond of the oleylamine compound, respectively.126   
   Although 30 times more material was made by this non-injection approach, the use of 1 
oleylamine instead of octadecylamine made the purification process considerably easier.  
A significant amount of the amine precursor is often present in solution following 
synthesis and, in the case of octadecylamine, will begin to solidify as the reaction is 
reduced to room temperature for product collection.  Its complete removal then requires 
the use of a large volume of chloroform and repeated centrifugation.  As oleylamine is a 
liquid at room temperature, this collection process required only one centrifugation step 
with a minimum of chloroform stabilization.  Following washing with acetone to remove 
any side products, approximately 8 grams of high quality colloidal ITO nanoparticles 








Figure 6.2:  FT-IR analysis comparing the use of different amines for colloidal ITO 
synthesis.  The spectra corresponding to octadecylamine was taken an hour after its 
injection and the one corresponding to oleylamine was taken once the reaction 







6.4 Basic Properties of the Batch-Scale System 
   A combination of ICP and x-ray analysis revealed the ITO system was of the pure 
bixbyite structure with a tin concentration of 9.45% (Figure 6.3).  Application of the 
Scherrer equation to the 222 reflection indicates an average particle diameter of 6.5nm 
which is almost 20% larger than the system made by the rapid injection technique with 
octadecylamine.  This may be a factor of the more bulky R-groups and their double-bond 
formations which are inherent to oleylamine.  Recall that the very bulky tertiary amine 
used in previous work on In2O3 produced particle sizes well over 20nm in diameter.   The 
TEM image in Figure 6.4 also shows that the size distribution of the colloidal ITO made 
by non-injection is significantly broadened and was entirely expected from an extended 
nucleation event.101, 110   
 
 
Figure 6.3: X-ray diffraction spectra of the colloidal ITO produced by the non-injection 










Figure 6.4: TEM image (290X) of the colloidal ITO produced by non-injection synthesis.  
The system displays a much wider size-distribution than that found in an analogous 






6.5 Electrical Analysis of Pressed Pellets 
   An additional way to verify the synthesis of ITO with high free electron concentration 
is through an analysis of the material’s conductive ability.  A well-established method to 
achieve this in conductive nanopowders is to perform Four-Point-Probe analysis on disk-
shaped pressed pellets of the material.140  In this way, shape factors can be utilized to 
remove any ambiguity associated with slight variations between pellets prepared for 




sp π2=                                           Equation 6.1 
 
where, s is the distance between probe tips, V is the applied voltage, and I is the current.  
As samples are not infinite in extent, correction factors must be multiplied by the right 
hand side of this equation.141  There is extensive literature on the evaluation of geometric 
correction factors treating different specimen geometries in combination with different 
probe arrangements.  The current work makes use of the methodology developed by 
Kelekanjeri et. al. in which, a closed-form analytical expression was obtained for the 
potential difference between the voltage probes.141   
   Good conductivity within a pellet requires that particles are in intimate contact.  The 
boundary layer between adjacent particles will act as a source of resistance and therefore, 
sintering of the pellet to minimize the influence of these grain boundaries is needed.140  
Organic ligands that suppress the agglomeration of colloidal ITO in solution will prevent 
this close particle contact and must therefore, be removed.  This requires heating the 
material in an atmosphere that contains oxygen so that CO2 gas is formed as the organic 
 132 
structures break down.  Following evaporation of the dispersing solvent at 80 ˚C, the 
colloidal nanoparticles were heated in either air or a pure oxygen environment at 400 ˚C 
for three hours.  Both air and pure oxygen atmospheres were utilized for this step in order 
to study their effects on final pellet conductivity.  Recall that the Frank and Kostlin model 
of free electron generation in ITO relies on the removal of interstitial oxygen under a 
reducing atmosphere.52, 54  Heating of the ITO particles to burn off organics in the 
presence of oxygen will naturally reverse this reduction process and decrease the free 
electron concentration.  This was previously shown to happen in the colloidal ITO system 
at a temperature of only 150 °C (Figure 5.10).  The resultant fine powder is composed of 
loosely agglomerated nanoparticles and EXTREME caution must be exercised when 
handling such a material.  Inhalation and/or absorption through the skin are potential 
avenues to a dangerous exposure.142  Precisely 120mg of material was formed into a 
10mm diameter pellet using a Specac hydraulic press (5.5 tons of force for 30 seconds).  
Three pellets of each type material (heated in air or oxygen) were prepared and annealed 
at 700 ˚C for five hours in a highly reducing nitrogen-hydrogen atmosphere to once again, 
remove interstitial oxygen and promote free electron generation.  Note that if organic 
ligands were not burned off prior to annealing in this reducing environment, amorphous 
carbon would form throughout the pellet volume.  While this would certainly aid in 
conductivity (carbon is highly conductive), the value measured would not be an accurate 
estimate of the ITO material’s intrinsic character.143   
   Four-Point probe analysis indicated that ligand removal in pure oxygen has a 
deleterious effect on pellet conductivity as compared to the samples prepared using an 
ambient air atmosphere.  Samples made with powder prepared in oxygen displayed a 
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conductivity of 23 ±2 S/cm while those made with powder prepared in air indicated a 
conductivity of 28 ±3 S/cm.  High conductivity in sputter-coated ITO thin-films has 
historically relied heavily on deposition atmosphere and therefore, the present results 
were not unexpected.57  In the present case, it is theorized that the use of pure oxygen gas 
effectively locked in a higher concentration of interstitial oxygen.  Band gap expansion 
analysis of the type described in chapter five (assuming a bulk-like dispersion), indicated 
that the colloidal ITO particles had an average free electron concentration of 
1201081.1 −× cm  prior to being formed into a pellet.  This estimate is within the range of 
values reported for sputter-coated thin film ITO samples that displayed conductivities on 
the order of 1,000 S/cm.38  The cause of such a comparatively low conductivity in the 
present case of pressed pellets made from this material can be identified by close 
inspection of their surfaces.  Figure 6.5 presents SEM micrographs of a representative 
sample following the 700 ˚C anneal.  As seen in the upper image (higher magnification), 
the size of individual ITO particles has now increased from ~5nm (as prepared in 
solution) to approximately 30nm following the high temperature procedures.  Sintering of 
particles is also evident and is the primary aspect that provides for a conductive pathway 
throughout the pellet volume and along its surface.  However, the lower magnification 
image (bottom) clearly displays the widespread occurrence of large void spaces which 
will naturally break up this conductive pathway.  This highlights the need for subsequent 








Figure 6.5:  Higher (top) and lower (bottom) magnification SEM images of the surface of 
a 10mm pressed pellet made with ITO nanoparticles.  The significant occurrence of void 
spaces will naturally interrupt the conductive pathway and increase sheet resistance.   
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Figure 6.6 displays an image of a 400nm cube-shaped ITO particle discovered on the 
surface of a pressed pellet.  The inset image in this figure is a JCrystal rendering of an 
ideal bixbyite structure oriented in approximately the same position.  The apparent 
perfection of the 400nm particle may be indicative of the single crystalline seed material 
from which it was formed.  Close inspection of individual ~30nm particles around this 
















Figure 6.6:  SEM image of a ~400nm ITO particle along the surface of a pressed pellet.  




   A simple and rapid technique was developed for the synthesis of multi-gram quantities 
of colloidal ITO.  This was accomplished by a modification of the basic approach 
outlined in chapter four and relies on the slow heating of a super-saturated solvent 
solution of metal carboxylates and primary amines.  A slight broadening of the particle 
size distribution was observed but, is considered acceptable in light of the thirty-fold 
increase in material produced.  In theory, this process would be capable of producing 
kilogram quantities of high-quality, solution-dispersible, single crystalline, colloidal ITO 
nanoparticles in a manner suitable for industry adoption.  Electrical characterization of 
disk-shaped, sintered pellets made from colloidal ITO provided final evidence of the 
material’s degenerate nature.  The low level of conductivity observed in these pellets 
highlights the need for additional work on the development of deposition procedures for 















   The principal objective of this research was to develop a colloidal nanoparticle form of 
Indium Tin Oxide, commonly referred to as ITO.  This was motivated by a desire to 
expand the growing field of doped colloidal semiconductor nanoparticles into the 
relatively narrow materials class of Transparent Conductive Oxides (TCOs).  Currently, 
there is an interest in solution-dispersible forms of nanocrystalline ITO for application to 
inkjet printing and dip-coating procedures.45  In this respect, the present dissertation work 
has been an immediate success as the colloidal ITO system produced is among the most 
advanced of its kind yet reported.  When dispersed in non-polar solvents (hexane, toluene, 
chloroform, etc…), the colloidal ITO system forms an optically clear solution with 
absolutely no incidence of agglomeration and can remain in this state at room 
temperature for months and potentially, years.  Average particle diameters on the order of 
5-6 nanometers with a narrow size distribution of ~15% are typically formed with 
individual particles displaying an essentially single crystalline character.  Optical 
properties of the colloidal dispersion display the presence of a long wavelength IR 
reflection band and a blue-shift in the absorption edge position.  Both of these features 
are characteristic of ITO with a high free electron concentration.38, 67  This colloidal 
nanoparticle form was produced by a synthesis protocol which relies on readily available 
metal fatty-acid salts, primary amines, and a simple non-coordinating hydrocarbon 
solvent.  FT-IR analysis of the reaction indicated that the entire process is driven by a 
series of intense nucleophilic substitution reactions (aminolysis, condensation, and 
 138 
hydrolysis).116, 122  Aminolysis is expected to be the primary ITO-generating reaction with 
additional material being produced by a secondary condensation/hydrolysis cascade 
reaction.   
   The optical clarity of the colloidal system developed in this work has allowed the 
fundamental materials physics of single crystalline ITO nanoparticles to be probed.  In-
situ spectroscopy during the first 30 seconds of system formation revealed that the onset 
of a long wavelength reflection edge associated with free electrons in the colloidal ITO 
lattice did not occur until core nuclei had developed and begun to grow.  This could be 
indicative of a structure comprised of an undoped In2O3 core covered by an ITO shell and 
may be viewed as additional experimental evidence for the model of doped nanoparticle 
composition previously proposed by both Schwartz36 and Erwin30.  The subsequent slow 
generation of additional excess conduction band electrons over the next 120 hours could 
be observed by a progressive and measureable expansion of the material’s intrinsic band 
gap.  The number of excess conduction band electrons required to produce the observed 
band gap expansion were estimated assuming both bulk (free electron) and quantized 
(confined electron) models.  Analyzing the system with a typical bulk-like parabolic 
conduction band dispersion indicated that approximately 14 free electrons per particle 
could produce the observed band gap expansion.  In contrast, the assumption of a 
confined electron scenario predicted that the same effect could be accomplished with just 
8 excess conduction band electrons per particle.  It must be noted however, that the EMA 
model used for this quantized case is well known to over-estimate the quantum 
confinement effect and its associated degree of band gap expansion.133  It also remains 
unclear what impact an increase in the effective electron mass would have on the degree 
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of conduction band energy level separation (i.e., 1s, 1p, 1d, etc…).  The effective electron 
mass is well known to increase as the concentration of excess conduction band electrons 
are increased in a degenerate semiconductor.43, 74-83  This could theoretically suppress the 
onset of quantum confinement until even smaller particle sizes are reached.  A reduction 
in the particle size distribution coupled with analysis at much shorter time points than 
those utilized in the present work may provide an extremely detailed map of the 
conduction band structure in the colloidal ITO system.   
   Correlation of the measured band gap expansion to an increase in the measured lattice 
parameter of colloidal ITO over the same 120 hour period was able to provide 
experimental support for the Frank and Kostlin defect model of free electron generation.1, 
52, 54, 138  Both progressions achieved steady-state values at approximately 72 hours 
following reaction initiation.  This expansive process could be reversed by heating the 
material to just 150 °C in an oxidizing atmosphere followed by re-dispersal in solution.  
The resultant contraction of both band gap and lattice parameter are consistent with a loss 
of excess conduction band electrons and an increase in interstitial oxygen content, 
respectively.52  Establishment of additional fundamental relationships between 
composition, structure, and intrinsic functional properties were also achieved.  A series of 
samples with a progressive increase in Sn-dopant concentration from 0 to ~18% 
(determined by ICP-MS analysis) was produced.  As the incorporated Sn content 
increased, the average particle size of colloidal ITO was observed to decrease.  This 
behavior was explained using the Gibbs-Thompson relation to correlate a variation in 
particle solubility with dopant-induced lattice strain.   
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   A variation in the degree of band gap expansion over this range was then investigated 
with the intention of establishing the optimum system composition with respect to the 
maximum concentration of excess conduction band electrons achieved.  The maximum 
degree of band gap expansion occurred at an incorporated Sn concentration of 7-8% 
which is in the lower range of optimum dopant concentrations reported for thin film 
forms of ITO.3  Assuming a bulk-like conduction band dispersion character, the estimated 
free electron concentration achieved at this doping level was 3201084.1 −× cm or ~20 
electrons per particle.  This value is within the range of those reported for sputter-coated 
thin film forms of ITO as well.60, 63  When the measured band gaps of each colloidal ITO 
sample in the 0-18% Sn-dopant concentration range were plotted against their free 
electron concentrations to the two-thirds power (n2/3 plot), a band gap determination for 
the pure, undoped end member (0% Sn) was achieved.  This value was 0.07eV less than 
that observed in a direct experimental measurement of an undoped colloidal In2O3 sample 
made using the same synthesis procedure.  A likely explanation for this difference is that 
the undoped material is slightly degenerate in nature.  It is known that pure In2O3 is 
characterized by a low level of regular lattice oxygen vacancies that yield a moderate 
level of degeneracy.38  
   As previously discussed, the rapid injection synthesis technique is capable of forming 
systems with very narrow particle size distributions and this property is extremely 
important for studies of fundamental physics.  However, this process becomes 
increasingly cumbersome to perform when large scale reaction volumes for the synthesis 
of multi-gram quantities are required.  Accordingly, a non-injection technique was 
developed to produce multi-gram quantities of highly-quality, solution dispersible, single 
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crystals of colloidal ITO.  A thirty-fold increase in material production was achieved with 
an acceptable increase in particle size-distribution.  It is expected that this method can be 
scaled up to produce kilogram quantities of high-quality material as well.  The low level 
of conductivity achieved in pressed pellets made from this material highlights the need 
for subsequent work on handling and deposition procedures for this colloidal nanoparticle 
form of ITO.  
   New synthesis routes to the formation of high quality doped colloidal semiconductor 
nanoparticles are appearing with increasing regularity in the scientific literature and this 
underscores the increasing level of interest in these systems.4, 30, 35, 36, 144-146  Within the 
last year, a group in Korea has successfully synthesized ITO in the colloidal nanoparticle 
form.147  Their process utilized the slow heating of a combination of metal carboxylates 
and chlorides with pure oleylamine as both capping agent and coordinating solvent.  
Accordingly, research and development of this new material form has already begun to 
expand.  Colloidal ITO may one day find use in inkjet printing, dip-coating, and a variety 
of composite systems.  Beyond these very practical applications, it is the wish of this 
author that the use of colloidal ITO to investigate the phenomenon of electron 
confinement in heavily degenerate semiconductors be expanded.   
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